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Abstract: In recent years, the global car ownership has continued to grow. In
order to reduce the energy consumption rate of automobiles and improve the
driving dynamics of automobiles, automobile lightweight technology has been
widely used in the automobile industry. At the same time, with the continuous
development of new material technology, various low-density and
high-strength materials (aluminium alloy, high-strength steel, carbon fibre,
basalt fibre, glass fibre, etc.) are gradually being used in some parts of
automobiles. The purpose of this paper is to carry out the lightweight and
optimal design of the carbon fibre reinforced polymer front bumper beam of the
automobile by optimising the ply design of the carbon fibre reinforced polymer
bumper beam based on the compatibility of the laminate layup. Compared with
the traditional steel bumper beam, it has finally achieved 47.61% weight
reduction while ensuring the collision performance.
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1 Introduction

The lightweight technology has caused a considerable improvement in mechanical
structures via three main methods (Zuoet al., 2016a): structural optimisation, lightweight
material, and advanced technology. Considerable research on lightweight design and
application in vehicle structures has been conducted in recent years. Fauzi et al. (2018)
adopted a crashbox made of a carbon fibre-reinforced polymer composite (CFRP) with
double-hat thin-walled constructions and conducted a crashworthiness experiment and a
simulation analysis of composite-based crashbox structures. Cho et al. (2016) used
material selection and size optimisation methods to derive a lightweight composite hybrid
carbody design. Koch et al. (2017) presented two approaches to reducing the weight of
electric motor rotors, comprising a hybrid shaft made of carbon-reinforced plastic and
stainless steel and the replacement of electric sheets with soft magnetic compounds (iron-
filled polyamide compounds).

Bumper beam is main structural component of an automobile bumper subsystem that
absorbs energy during a collision. It is expected to be sufficiently deformable to absorb
the collision energy and reduce the risks of injury for front or rear ends of passengers. In
the optimisation of traditional steel-made bumpers, the main purpose is to optimise the
section and thickness of the components (Qian et al., 2016; Sun et al., 2017). Tanlak et al.
(2015) investigated the optimal shape design of a bumper beam and optimised the beam
by using a hybrid search algorithm to improve its crashworthiness in low- and high-
velocity impact. The results showed that the strain energy absorbed by the optimal beam
was improved by 16%. Belingardi et al. (2015) and Beyene et al. (2014) studied both
materials and manufacturing solution for a bumper beam with evaluation criteria such as
impact energy, maximum force, crash resistance, energy absorption, and stiffness.
Bumpers with honeycomb designs (Soni and Pradhan, 2019) were proposed for
crashworthiness improvement and enhanced energy absorbing capacity. Godara and
Narayan Nagar (2020) designed the frontal bumper beam with eight different cross
sections, and displacement and stress analysis at low speed collision was achieved.
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In comparison with isotropic materials, composite materials were composed of two or
more components providing enhanced properties compared with each component
individually. Their low mass and high strength were perfectly suited for various
industries, such as the aerospace field and automobile. However, they have a wider range
of parameters influencing structural behaviour. Ply orientation (Basri et al.,, 2019;
Lakshmi Kumari et al., 2018), fibre volume fraction, stacking sequence (Nikbakt et al.,
2018; Solis et al., 2018), fibre material, matrix type and ply thickness (Caminero et al.,
2018) are examples of these effective parameters that affect the performance of laminate
structures. Design variables tend to be huge with complex optimisation problems occur
when applying these materials. Meanwhile, they promote the development and
application of optimisation algorithms, such as improved genetic algorithms (GAs) and
multiobjective particle swarm optimisation (MOPSO) (Mohammed et al., 2017; Tian and
Shi, 2018). Linearly weighted average method, and geometrically averaged cost function
method are also efficient in resolving optimisation problems. Besides, surrogate models
are common methods widely used in many other multiobjective optimisation problems
for lightweight or crashworthiness optimisation, it usually including radial basis function
(RBF) (Xiong et al., 2017), response surface methodology (RSM) (Fang et al., 2017),
artificial neural network (ANN) (Baykasoglu and Baykasoglu, 2017), gene expression
programming (GEP) (Baykasoglu and Baykasoglu, 2016), and Kriging interpolation
method. For its effect in reducing computing burdens in optimisation process, it has
attracted attention in the engineering field.

This paper mainly studied the optimisation of ply sequence and thickness in each ply
area of a CFRP bumper beam. After the accuracy of a finite element model (FEM) was
verified, it was used to obtain the optimum parameter combination of a B-shaped section.
Different from the current ply optimisation methods for composite bumper beams, which
are always dedicated to the stepwise optimisation design of ply sequence and thickness, a
ply optimisation method considering ply compatibility principle was proposed. During
the process of ply optimisation, the multi-island GA (MIGA) and the MOPSO algorithm
based on Kriging model (KMOPSO) with adding-point strategy were used to derive the
optimum ply design scheme of each ply area. The collision performance was enhanced
and the goal of lightweight was achieved after optimisation. Then, the bench test and a
three-point bending experiment were conducted to check the variation in the simulation
and test after optimisation. From the comparative results, it has showed that the
optimisation process was accurate and credible.

2 Establishment and verification of finite element model

On the basis of the constructed geometric model, the FE model of the front end structure
of a vehicle was built with Belytschko—Tsay thin-shell elements on HyperMesh. As
shown in Figure 1, it was meshed using shell elements of 10 mm (28862 elements), and
all freedom, except the translation of X-direction, was constrained. The contact between
the bumper beam and the energy-absorbing boxes was defined as single surface contact,
while the contact between the beam and collider was defined as surface to surface
contact. The static and dynamic friction coefficients were set to 0.2. The spotwelds
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among different parts had MAT100 as material and were simulated using a beam
element.

Figure 1 Simplified model of vehicle front end structure (see online version for colours)

Firstly, a high-speed collision was conducted to verify the correctness of the constructed
FE model of the bumper beam. In accordance with the C-NCAP(2012) test standard, a
crashworthiness test of 100% overlap frontal rigid barrier (100%FRB) was conducted
with a velocity of 50 km/h. The test point M was arranged in the middle of the bumper
beam, as illustrated in Figure 2. Figure 3(a) and (b) depict the deformation in the
simulation and test. Both in simulation or experiment, the front steel-made beam of the
car shows the same deformation trend after the collision.

Figure 2 Measuring point arrangement of bumper beam (see online version for colours)

Figure 3 Deformation of simulation and test: (a) simulation and (b) test (see online version
for colours)

(@)
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3 Section design of the CFRP bumper beam

Bumper beam was manufactured using several CFRP material plies with a thickness of
0.2 mm. The corresponding mechanical properties are provided in Table 1. As shown in
Figure 4, this paper focused on the common B-shaped cross-section design. Distinction of
two sections of B shape was through the positive and negative values of parameter b. The
left was defined as negative, whereas the right was positive.

Figure 4 Different B-shaped cross-sections of bumper beam (see online version for colours)

b b
Table 1 Mechanical properties of the CFRP material
Constants Value Constants Value
E\/GPa 181 X/MPa 1500
E,/GPa 10.3 X./MPa 1500
u 0.287 Y,/MPa 40
G1,/GPa 7.17 Y./MPa 246
G,3/GPa 7.17 S/MPa 68

The orthogonal experimental design method (Zuo et al., 2016b; Jiagiang et al., 2018),
which qualitatively analyses the correlations among relevant variables at different levels,
was used to acquire the best parameter combination of the selected cross section. Before
an orthogonal design table was made, reasonable and representative levels of all factors
were determined first (Table 2). Then, orthogonal experiments displayed in the
orthogonal table L;s (2%) (Table 3), which presents all the level groups of the
experimental factors, were performed to study the impact degrees of positive and
negative factors on objectives by calculating intrusion, energy absorption, and impact
force. The extreme difference analysis (Table 4), which is performed to reflected the
influence degree of factors on indexes also help determine the optimal conditions.

Table 2 Orthogonal factor level

Factor level a/mm b/mm
1 240 40
2 320 60
3 400 -340
4 480 —360
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Table 3 Results of the orthogonal experiment
Factor trial Impact Energy
number a B force/lkN Intrusion/mm  absorption/J
1 a b 8.950 73.432 347.276
2 a b, 9.642 83.223 266.299
3 a b; 13.357 65.189 412.299
4 a by 12.755 65.385 416.963
5 a, b 8.964 82.311 352.366
6 a, b, 9.272 74.074 358.765
7 a b; 13.144 65.262 419.695
8 a by 13.668 65.239 416.619
9 a; by 15.533 80.395 236.257
10 as b, 16.365 59.561 430.315
11 a; b; 13.732 68.085 400.130
12 a; by 8.486 66.549 409.325
13 ay b 14.282 69.385 358.852
14 N b, 12.610 81.192 352.262
15 ay b 15.561 67.384 429.632
16 ay by 12.142 61.885 431.816
Table 4 Results of extreme difference analysis
Evaluation Maximum energy Maximum section Intrusion/mm
index absorption/J impact force/kN
Average value  Factor a Factor b Factor a Factor b Factor a Factor b
; 360.709 323.688 11.176 11.932 71.807 76.381
jl
; 386.861 351.910 11.262 11.972 71.722 74.513
2
; . 369.007 415.439 13.529 13.949 68.648 66.480
J
; 393.141 418.681 13.649 11.763 69.962 64.765
4
R, 32.432 94.993 2.473 2.186 3.159 11.616
Excellent ay b4 a b4 as b4
level
Primary and b>a a>b b>a
secondary
factors
Optlmal a4b4 a b4 a3b4

combination
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From the result in Table 4, it can be observed that:
e Factor b had more influence on the collision performance than factor a.

e For factor b, b, was the optimal level toward all evaluate indexes of collision
performance.

e For factor a, the optimal level corresponding to each index differed.

The optimal combination of each index was further compared. Combination azb, could
maintain the moderate section impact force while ensuring the minimum intrusion and
the maximum energy absorption of the CFRP bumper beam. Hence, section parameter a
was set to 480 mm, while parameter b was set to —360 mm.

4 Multiobjective optimisation design of CFRP bumper beam
4.1 Ply compatibility proposal for CFRP bumper beam

Evidence indicates that modifying fibre orientations within composite materials, which
form the components, enable structures to have increased resistance to delamination
failure and improve the impact strength. That means ply orientation and sequence have a
significant effect on composite component. Both orientation and sequence of ply should
not be decided arbitrarily, the following manufacturing constraints must be satisfied first
when laying the bumper beam.

Symmetry constraint: The ply of the laminated plate was symmetrical about the middle
plane.

External surface ply constraint. The external surface of ply structure must be continuous,
which means the fibre ply orientation of component external surface should be identical.

Limit of adjacent lost plies: The maximum number of the lost plies in the adjacent area of
plies was not allowed to exceed 4.

Principle of ply compatibility: The thinnest module of ply areas should maximise the
number of shared plies.

Continuity constraint of ply number: The number of consecutive plies with the same ply
orientation angle should not exceed 3.

As demonstrated in Figure 5, we divided the ply area into four parts: front, rear, top, and
bottom.
Usually, the consideration of single-area ply led to the following issues:

e The unreliable connection at the transition point among different ply areas caused
interruption in force transmission and insufficient rigidity of the CFRP bumper
beam.

e Excessive design variables caused challenges in obtaining the algorithm solution.

A ply compatibility scheme based on parallel optimisation of ply stacking sequence and
thickness was proposed to resolve above problems. Ply in the area with the minimum
layup thickness was considered to be a shared layup, and other layups are inserted in
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accordance with the principle of laminate layup under the minimum layup thickness to
obtain different layup thicknesses that meet the principle of layup compatibility.

Figure 5 Different B-shaped cross-sections of bumper beam

top

rear

front

rear

rear

bottom

4.2 Multiobjective optimisation of ply sequence under various ply thicknesses

Ply sequences typically involved a combination of four ply angles: 0°, £45°, and 90°. The
angles were relative to the main loading direction of the applied load. The factors of
CFRP ply thickness included 1.2, 1.6, 2.0, and 2.4 mm. The thickness of a single carbon
fibre ply laminate was 0.2 mm, that is, when a symmetrical ply method was used, the
numbers of design variables included in the thickness of 1.2, 1.6, 2.0, and 2.4 mm were 3,
4, 5, and 6, respectively. Each variable had four laying angles and optimal Latin
hypercube sampling design with a minimum deviation of 64 groups was implemented for
each thickness factor. The Kriging surrogate model (Jeonget al., 2005) was adopted to
replace the simulation analysis with a mathematical function for minimising the time of
scientific analysis and improving the optimisation efficiency. Accuracy of the established
surrogate model was measured using the degree of deviation from the coefficient of
determination (R?) (Table 5). The full-factorial test with 1.2 mm thickness was conducted
without bias; thus, its R’ value was 1.

Table 5 Coefficient of determination value of response approximation model with various
thickness factors

R?

Maximum section Maximum energy
Ply thickness/mm Intrusion amount/mm impact force/kN absorption/J
1.6 0.9771 0.9443 0.9529
2.0 0.9531 0.9374 0.9344

24 0.9780 0.9373 0.9437
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From Table 6, it suggested that coefficient of determination of various thickness factors
were close to 1, and the predicted values of the surrogate model did not deviate
substantially from the true response in allowable range. The Kriging surrogate model
built, whose accuracy had been verified, could be applied for subsequent optimisation
design.

Table 6 Comparison of algorithm solution and simulation results

Maximum impact

Energy absorption/J force/lkN Intrusion/mm
Algorithm Simulation Algorithm Simulation Algorithm Simulation

Thickness Ply sequence value result value result value result

24mm  (45°/90°/0°/  435.233  432.474 14.767 15.830 55.959 54.706
—45°/90°/0°);

20mm  (45°/0°/ 439398  434.352 12.270 12.756 69.380 67.344
—45°/90°/0°);

l.6mm  (45°/0°/ 417.760  417.760 11.153 11.153 69.053 69.053
—45°/90°),

1.2mm  (45°/-45°/ 424.925 424925 8.225 8.225 92.730 92.730
90°);

The objective of the lightweight optimisation design was to minimise the section impact
force under each thickness, as indicated in equation (1). The constraint was to ensure the
intrusion and the energy absorption less than limited value. With the manufacturing
constraints of ply design considered simultaneously, the mathematical model of the
frontal impact optimisation design was set as follows:

Minimize f(x)=(124(x), f2(x ). f° (%), /7 (x))
Variable —x=[x,,%,,%,,%,,%;,%, |’
: 12 1.6 2.0 24, 5
Subject to g, (x),gE (x),gE (x),gE (x)=400
12 16 2.0 24, <
g2(x),810 ()82 (x), g2 (x) <80
g

c

X, € {0°,90°,+45°}

)

where x; represents the variables of ply thickness; fi'2, £, 7, and fi** are the
maximum section impact forces when each ply thickness was adopted in bumper beam;
g% gt gi°, and gz represent the maximum values of energy absorption during a
collision; and g, is the compatibility constraint among each ply thickness.

Based on the symmetry constraint, surface ply constraint, limit of adjacent lost plies,
and continuity constraint of ply number, which were considered in the optimisation
design period, the concrete scheme of ply design was introduced.

In order to maximise the shared ply, if the ply sequence under 2.4 mm thickness was
(x1, X2, X3, X4, Xs, Xg)5, then the ply sequences under 2.0 mm thickness might be (x|, x3, x4,

Xs, X6)s OF (X1, X2, X4, X5, Xg)s OF (X1, X2, X3, X5, X)s OF (X1, X2, X3, X4, Xe)s, and (X1, X2, X3, X4,
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Xs);. If the ply sequence at 2.0 mm thickness was (x|, X3, X4, X5, Xg)5, then the ply
sequences at 1.6 mm thickness might be (xy, x4, Xs, Xg)s OF (X1, X3, X5, X6)s OF (X1, X3, X4, X6 )s
or (xy, X3, X4, Xs5),. If the ply sequence of 1.6 mm thickness was (x;, x4, Xs, X¢)s, then the ply
sequences at a thickness of 1.2 mm might be (xy, xs, x¢); Or (x|, X4, X¢)s OF (X1, X4, Xs5)s. That
is, once the ply sequence was determined for each set of 2.4 mm thickness, with different
thickness combinations, there are a total of 60 sets of layup plans to meet the
compatibility of the layup. For a set of ply scheme with different thickness combinations
abovementioned, the ply sequences of the first and last layers were identical,
accompanied with the continuous surface of the bumper beam. Also, maximum number
of ply loss in adjacent ply areas was less than 4, which met the principle of maximum ply
loss and weakest module was considered a shared ply stacking. If design variables of
2.4 mm thickness was defined as (x;, X2, X3, X4, X5, Xg)5, 2.0 mm was (x;, X3, X4, X5, X¢)s5
1.6 mm was (x;, x4, X5, Xg)5, and 1.2 mm was (xy, x5, Xg),, then the mathematical formula
for the ply continuity was set as follows:

[d; z,(x)>0
g.

0, z,(x)=0
Zy, () =10, = x5) +1(x, =x;, = x, =x)+1(x, =x; =x, = x)
Zz4o(x) =1(x; =x)+I(x, =x; =x, = x,) 2)

zl.é(x) =1(x; = x,)

Zl.2(x) =1(x5 = x4)

where d is an constant penalty value, it was used when the rule of continuity constraint of
ply number was violated. The values of 7 represent thickness of 1.2, 1.6, 2.0, and 2.4. z,.4
(x), z2.0 (%), z1.6 (x), and z;., (x) are functions used for judging whether the continuity
constraint is satisfied under the thicknesses of 2.4, 2.0, 1.6, and 1.2 mm, respectively. / (.)
is the indicator function; if it is true, it is set to 1; otherwise, it is set to 0.

Each objective usually conflicted with others in the multiobjective problem.
Multiobjective optimisation methods based on preference were adopted in this study. The
decision was made first, then the search was carried out. Multiobjective problem was
transformed into a single-objective problem by linear weighting among the objectives,
that is,

f(x) =0.25- fFLz (x) +0.25- fFle (x) +0.25- sz,o (x) +0.25- fF2.4 (x) (3)

The mathematical problem mentioned above could be solved via MIGA.MIGA (Weimin
et al., 2019; Seo et al., 2014; Kim et al., 2018; Peikun and Zhenpo, 2016) was a modified
algorithm of parallel distributed GAs. Compared with traditional GAs, it has superior
global solving capacity, computational efficiency, and convergence capability. Individual
populations are divided into subgroups called ‘islands’. This division is the main feature
of MIGA that distinguishes itself from traditional GA. All traditional genetic operations,
including selection, crossover, and mutation, are performed independently on each island.
After a series of genetic operations, some individuals are selected from some islands and
migrated to different islands periodically. The island of migration is selected randomly,
and individuals are exchanged among selected islands in accordance with the migration
rate.
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The formula shown in equation (4), in which the fitness function is set to the sum of
the product of the objective function, the dynamic penalty function coefficient, and the
static penalty function.

g,(x)= z hy(x)

h(x)={ai|gi(x) b g(x)>b,
0, g(x)<h
Vo(X)=f(x)+c(g,(x)+g.) @

c=10""

p=Sig,(x)+g. #0)

where g,(x) is a penalty value for out-of-bounds performance corresponding to a set of
ply schemes with different ply thicknesses, k& represents number of thickness used for
layup, a; is the penalty coefficient of the ith evaluation index, A(x) is the penalty value
considering all evaluation index of each ply thickness, g/(x) is the ith evaluation index
constraint function value which is provided by surrogate model, b; is the threshold of the
ith evaluation index constraint function, y,(x) represents the fitness function of a set of
ply scheme, c is the coefficient of the dynamic adaptive penalty function, p is the sum of
individual number in the previous iteration that violated the constraints, n is the
population size, and / (.) is the indicator function (if it is true, it is set to 1; otherwise, it is
set to 0).

Sixty sets of fitness function values could be obtained if a design variable of thickness
24 mm is determined. To unite the fitness function form and promote algorithm
efficiency, y(x) in equation (5) was used as the final fitness function by employing the
minimum value of 60 sets of ply schemes.

Y(X)=Min(y,(x), y2(x), y3 (X),+, ¥e (X)) 5)

where y(x) is the final fitness function of design variables. y,'(x), y,*(x), Yo (X),..., Y °(x)
represent fitness values of 60 different sets of ply combinations.

The best combination of ply sequence of each thickness was determined via
programmed MIGA. Optimisation result is shown in Table 6 by comparing the
simulation values with algorithm results.

Simulation results of evaluation indexes of 1.2 and 1.6 mm thickness were identical
with the algorithm optimisation result. For the thickness factors of 2.0 and 2.4 mm, the
maximum percentage error between the simulation results of each indicator and the
optimisation results of algorithm did not exceed 7%.

4.3  Multiobjective optimisation of ply thickness under determined ply sequence

In the optimisation algorithm based on surrogate model, the design of experiment (DOE)
was an essential segment which conducted preliminary scans of design space and
obtained the change law with few trials, thus providing information on the different
spatial positions and representative basic data of the surrogate model to be constructed.
As the research continued, the role of the surrogate model had changed. It was no longer
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a simple substitution but constituted an optimisation mechanism based on historical data
to enable the addition of sample points and generate local or global optimal solutions.

EGO algorithm (Viana et al., 2012) includes the Kriging model to use the prediction
value information and the deviation information of the prediction value to complete the
optimisation. Current existing swarm intelligence optimisation algorithm commonly
applies the information of predicted value to complete the optimisation. In the Kriging
model, the provided predicted deviation of its own estimation information makes the
optimisation algorithm remove the solution with a large deviation in predicted value and
improve the optimisation efficiency. Combing the swarm intelligence optimisation
algorithm with the EGO algorithm and used the Kriging model as a vinculum. An
optimisation algorithm, KMOPSO, was proposed.

As we all know, the steps of traditional PSO are outlined as follows:

Step 1: A problem is defined, and a swarm of particles with stochastic positions xi and
velocities vi in n-dimensional space is initialised.

Step 2: The fitness value for each particle is calculated and evaluated, pbest of each
particle is regarded as its current position, and gbest is set equal to the position of the
most superior initial particle.

Step 3: The position and velocity of all particles in the swarm are updated.

Step 4: pbest and gbest of each particle are updated in accordance with fitness value and
Pareto domination.

In the swarm intelligence optimisation algorithm, each particle has memory and
maintains a record of its previous personal best position (pbest) with its fitness.
Considerable pbest is available for specific particles in the swarm, and the particle with
greatest fitness is called the global best (gbes?) of the swarm.

After the particle’s position information is updated as described in Step 3 above, not
only its speed and position should be checked whether beyond the boundary, but also its
fitness function should be updated by equation (6). At the same time, compared with the
fitness function corresponding to the optimal position of particle individual in the
previous iteration, the dominant individual is set as the personal best.

F = £,(x)+ 4 max(0,g,(x))
[ (%) =[x, (%), £,(0)] (6)
g(x) = [gl(x),gz(x),'“,g,, (x)]

where F; is the constructed fitness function include two parts. The first element in
equation (6) is the ith objective function of particle, and the latter part is the penalty term,
which is composed of penalty coefficient 4; and constraint function.

If current individual and the optimal individual do not dominate each other, then use
the deviation information 17, (shown in equation (7)) provided by the surrogate model.
Individual with smaller cumulative deviation is determined as the personal best.
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s [ T p1 T p1 2 T p-1
fi(x) ‘\/” A-r, R v, +QA=r, R 1, ) /F R F,;

N - - 2 _
8 (x) = \/O-2 {1 - rth Rgtlrgt + (1 - rg: Rgtl rgt ) / ngRgtngt }

yi— (3 = () in yi— (&) = (&) in @)
‘ (f;; )max - (J(kY )m[n ' (gzY )max - (g; )min

m n

=Sy
k=1 t=1

where ¢* represents the variance value, r is the correlation coefficient vector between
undiscovered and sample points, and R is the correlation matrix function of sample point.
/i represents the deviation function of the kth objective function, and g’ represents the
deviation function of the #th constraint function (Intrusion, Energy absorption). 7}’ is the
normalised value of the deviation function of the ith particle to the kth objective function,
and ¥/ is the normalised deviation value of the #th constraint function of the ith
particle. ¥, is the cumulative deviation of the ith particle.

The concept of gbest is particularly important in PSO because it indicates the most
ideal solution received by the entire swarm. Position of gbest is the area where all
particles in the iteration focus on exploring and appropriate gbest should be selected to
complete social learning:

e  Comparison of non-dominant relationship: the non-dominant individuals determined
in this iteration are compared with the global best in the last iteration, and a non-
dominant repository is obtained by comparing the dominant relationships based on
fitness function

e Construction mechanism of external repository: As the iterative process proceeds,
increasing non-dominated solutions are found using PSO and stored in the external
repository through dominance comparison. When the number of non-dominated
solutions in the repository reaches the upper limit, the dynamic crowding distance
(CD) maintenance strategy will be used to decide whether a member of a repository
needs to be replaced. In the proposed algorithm, the capacity of the repository is
defined in advance, and all candidates are temporarily stored in it. In the iterative
process, the selection process of non-dominated solutions can be summarised as
follows:

e  When the number of non-dominated solutions in the repository does not exceed the
maximum size limit, all non-dominated particles are stored in the repository.

e  When the number of non-dominated solutions in the repository reaches the
maximum size limit, the CD (shown in equation (8)) of each non-dominated solution
needs to be solved and ranked via the strategy for dynamic CD, and one particle with
the smallest value is removed. The above operation is repeated until non-dominated
solutions reach the maximum size limit of the repository.
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where the superscript i represents the number of particles, the subscript j indicates
the order of objective function. D; is the crowding distance of the ith particle and D,

is the normalised value.

The particles in repository that met the conditions of D:; >0.7 and V; <0.8 were
defined as gbest to ensure that the particles had a large crowding distance and a small
cumulative deviation, thereby improving the accuracy of the solution of nondominated
fronts.

Many algorithms have good convergence properties, which are usually achieved by
the cost of diversity. The mutation operation (shown in) seems to be essential to explore
the search space to a great extent while attaining enhanced diversity.

xl.'zxi+(v24—v}’f)-rand-(l—O.Qﬁj )

where MP is the total number of iterations, ¢ is the current iteration number, x; is the
position information after the mutation. va and v,"” represent the upper and lower limits
of the speed of the ith particle with respect to the pth variable, respectively.

The expected improvement (EI) sampling criterion is one of the most popular infill
criteria and is used to balance local and global search. EI shows the potential of being
smaller (or bigger) than the current minimum (or maximum) value in a minimisation (or
maximisation) problem and considers the predicted function value and its uncertainty at
the same time. This feature allows exploring the design space globally. In the adding-
point strategy, at the end of each round of optimisation, the normalised cumulative
function deviation of each particle in the Pareto front is exploited, and the particles in the
front solution that meet the condition ¥; < 0.3 are set as the approximately real Pareto
front solution. EI criterion add points in the front solution set according to the EI function
below:

j i fkj_)’k(x) s fkj_yk(x)
EIl =/ — . p (L
P=0 = y(x))w( (%) )+ fi(x)-9( 7i(x) ) 0

q m .
EIM = min,| 3. (EI] )
j=1 \ k=1

where ¥ and @ are the standard distribution and normal density, respectively. ;k (x) is
the predicted value of the kth objective function through the Kriging model. f{ is an
element in the jth row k-column of the approximate real Pareto front solution, and f;' is
the deviation of the predicted value of the kth objective function.

Particle with the biggest EIM value was added to the design space. As the round of
algorithm iterations increased, the accuracy of the model improved.
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This algorithm terminated after executing a specified number of iterations. Procedure
of KMOPSO with adding-point strategy is displayed in flowchart (Figure 6).

Figure 6 Flowchart of KMPSO algorithm
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Optimization result

In accordance with the algorithm procedure, the mathematical model of the optimisation
problem was constructed firstly.
Variable x; =[x,.%,,%;,%,1
Min J0x) = (1 (%), f3 (x),= [ (X))
Subject to g,,(x)<80
x,€1{.2,1.6,2.0,2.4}

(11

where xi, Xx», X3, and x, represent the ply thickness of top, bottom, front, and rear ply
areas, respectively. fu(x), f(x), fr(x) and gp(x) represent mass, energy absorption, impact
force of section, and intrusion function respectively.

As for energy absorption function, the maximum value is always expected, but the
algorithm solution is usually set as the minimum value. Thus, the opposite value was
considered.

After DOE, the accuracy of the Kriging surrogate model built with the values of
absolute coefficient R’ should be evaluated. Coefficient of determination (R*) of Kriging
surrogate model for each evaluation index of one ply thickness is shown in Figure 7, from
which the errors of R* were less than 10%. It was sufficiently accurate to be utilised to
execute further iteration optimisation.
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Figure 7 Coefficient of determination of surrogate model for evaluation indexes of a ply
thickness: (a) energy absorption; (b) impact force and (c) intrusion (see online version
for colours)

(a) (b) (©
Pareto front (Figure 8) was ultimately exported after several rounds of iteration.

Meanwhile, the optimum thickness of each ply area and corresponding values of
evaluation index was achieved as follows:

[X], X2, X3, X4] = [12, 12, 16, 2.0 mm]
[£14x), fo(x), fr(x), gn(x)] = [1.216 kg, 14.890 kN, 435.492 J, 56.492 mm)].

Figure 8 Pareto front of multiobjective optimisation (see online version for colours)

4.4  Performance of the optimised CFRP bumper beam

As shown in Figure 9, optimised CFRP bumper beam was simulated both at low and high
speed. At 40 ms (Figure 9(a)), the bumper beam began to deform under an impact force.
It gradually reached the maximum deformation at 80 ms (Figure 9(b)), and the impact
velocity was nearly 0 km/h at the moment. At 120 ms (Figure 9(c)), bumper beam
recovered elastically with reduction in intrusion. Then, it was out of contact with the rigid
wall at 160 ms (Figure 9(d)), which revealed the termination of the collision process.
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Figure 9 Low-speed collision simulation deformation diagram of optimised CFRP bumper beam
(see online version for colours)

(@ (b)

(© (d)

Performance analysis was conducted based on the weight reduction, the maximum
intrusion, the maximum section force of energy-absorbing box, and the maximum energy
absorption of bumper beam. Figure 10(a) indicates the maximum energy absorption
(439.254 J), the growth rate of which was 2.3% compared with that of a steel-made beam
(429.262 J). The reduction in section force was apparent with a rate of 15.78% (Shown in
Figure 10(b)). Also, intrusion of the optimised beam compared with that of the steel-
made beam was decreased by 21.31% (Figure 10(c)), which demonstrated the excellent
optimisation effect.

Figure 10 Comparison curves of CFRP bumper beam in low speed collision (see online version
for colours)

(a) (b) (©)
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The optimised CFRP bumper beam was also used for the simulation analysis of 50 km/h
high-speed collision test, and the deformation diagram of the front end structure was
provided (Figure 11).

Figure 11 Deformation of high speed collision simulation (see online version for colours)

(©) (d)

In the high-speed collision, accompanying with minimal deformation of the energy-
absorbing box, the beam initially deform between 0 ms and 7.5 ms (Figure 11(a)).
Between 7.5 ms and 17.5 ms (Figure 11(b)), the energy-absorbing box was gradually
crushed, and the deformation of the front longitudinal beam was small and front
longitudinal beam began to deform greatly meanwhile, then the CFRP bumper beam
and energy-absorbing box were completely crushed between 17.5ms and 35 ms
(Figure 11(c)).

From Figure 11, the CFRP bumper beam, energy-absorbing box, and front
longitudinal beam were crushed in a correct sequence in the whole process, and the
deformation situation was also reasonable.

5 Bench test verification and three-point bending test

Optimised bumper beam, energy-absorbing box, and fixture were connected to an
experimental trolley, which was weighted to ensure sufficient kinetic energy (Figure 12).
The collider (shown in Figure 1) has changed into a rigid wall and sensors was arranged
on the trolley to record information of points attached to the energy-absorbing box
(Figure 13). After the preparatory work, a 100% FRB crashworthiness test at a speed of
4 km/h was performed.
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Figurel2 Real vehicle test preparation: (a) connections of CFRP bumper beam and
(b) the experiment trolley (see online version for colours)

(a) | (b)

Figure 13 Measuring points arrangement (see online version for colours)

Compared with result of the collision simulation of FE model constructed under same
experimental condition. The percentage error of maximum test impact force was 11.28%
(Figure 14). Meanwhile, the maximum intrusion was 58.0235 mm at 78 ms in the test and
54.4067 mm at 83 ms in the simulation (Figure 15). Time difference between the
simulation and test was only 5 ms when the maximum intrusion was reached and the
intrusion error was 3.6168 mm with a percentage error of 6.69%. Curves in both
simulation and test were consistent.

Figure 14 Comparison curves of impact force for simulation and substantial vehicle test
(see online version for colours)
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The three-point bending test was performed in a quasi-static condition, and the span of
two fixed ends was set to 919.3 mm, which was the distance of the inner side points of
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energy-absorption boxes. Velocity of the drop hammer was set to 2 mm/min. Sensors
were arranged on the test platform to extract the force and displacement information in
the impact process. When the drop hammer started contacting the bumper, its position
was photographed using a high-speed video camera.

Figure 15 Comparison curves of intrusion for simulation and substantial vehicle test (see online
version for colours)
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Simultaneously, a simulation analysis of the FE model built with the identical
experimental condition was conducted, and the result was obtained for a comparison with
the test value (Figure 16). The structure of the bumper beam had not been exactly
damaged at 3 min, but evident deformation (reaching 7.728 mm) had occurred
(Figure 16(a) and (b)). At 9 min, the arc of the bumper beam had been flattened half, and
the deformation had reached 19.87 mm. Eventually, the deformation had reached
42.51 mm and bumper beam was broken (Figure 16(c) and (d)).

Figure 16 Three point bending deformation diagram of simulation and test (see online version
for colours)
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From curves of force and displacement extracted from the sensors (Figure 17), the CFRP
bumper beam was damaged with the maximum displacement (40.0899 mm) and the
maximum reaction of supports (22.1596 kN) in the test, and the CFRP bumper beam was
damaged with the maximum displacement (42.5117 mm) and the maximum reaction of
supports (24.3483 kN) in the simulation. The simulation and test error of the maximum
displacement was 5.7%, and the simulation and test error of the maximum reaction force
was 8.99%. It has a little deviation but within allowable range, which demonstrated that
the force and displacement curves in the simulation and test were highly consistent.

Figure 17 Force and displacement curves in simulation and test (see online version for colours)
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6 Conclusion

In this study, a ply structural optimisation method considering ply compatibility principle
for a CFRP bumper beam was proposed. An innovative algorithm (KMOPSO) used to
solve multiobjective optimisation issues was successfully applied to improve the
crashworthiness and lightweight performance of the bumper beam.

The optimal parameter of the determined section with B shape was obtained through
the application of an orthogonal experimental design. Through optimisation included ply
sequence under various ply thicknesses, and the ply thickness under the determined ply
sequence. The optimal ply result of the CFRP bumper beam was eventually derived.

Low-speed collision simulation of the optimised beam suggested that the maximum
section force decreased by 15.78% compared with that of the unoptimised CFRP beam,
and the intrusion and absorbed energy were obviously improved compared with those of
a traditional steel-made beam. From comparative result of both three-point bending test
and low-speed bench test, it proved that the trend of curves was similar in the test and
simulation, which demonstrated that the process of multiobjective optimisation was
reliable and credible, and the goal of lightweight was ultimately achieved with 47.61%
mass reduction.
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