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Abstract: The aluminium alloy front subframe of an automobile was developed through multi-
operating condition topology optimization and multi-objective optimization methods. By considering
the influences of loads on the strength, static stiffness, and modal of the aluminium alloy front sub-
frame under typical operating conditions, the performance parameters of the aluminium alloy front
subframe after topology optimization were obtained. After topology optimization was performed,
the parametric model of the aluminium alloy front subframe was established. Based on the Isight
optimization platform, sample points were generated with the optimal Latin hypercube test method,
and the response surface approximate model was constructed. The minimum mass and maximum
first-order frequency were taken as the objectives, the stress under typical working conditions did
not exceed the set target value, and the maximum displacement of the installation point was taken
as the constraint condition. The multi-objective particle swarm optimization algorithm was used to
optimize the aluminium alloy front subframe. The error of the free modal and finite element free
modal analysis of the aluminium alloy front subframe samples was less than 15%. The optimized
aluminium alloy front subframe was 2.4 kg lighter than the original subframe under the premise of
satisfying various performance indices, and the lightweight rate was up to 12%.

Keywords: multi-condition topology optimization; aluminium alloy front subframe; Isight; optimal
Latin hypercube; response surface approximate model; multi-objective particle swarm optimization
algorithm

1. Introduction

The subframe is an auxiliary device connecting the suspension connector and the body.
It is an important part of the chassis. The traditional subframe is made of steel, which
undoubtedly increases the weight of the whole vehicle. Studies have shown that for every
100 kg reduction in the vehicle weight, fuel consumption will be reduced by approximately
0.4 L per 100 km, and CO, emissions will be reduced by 8 to 11 g [1]. With the rise of
new energy vehicles, an increasing number of automobile enterprises have begun to use
aluminium alloy subframes. Using aluminium alloy subframes not only improves vehicle
handling and stability but also reduces the weight of the vehicle. The production mode
of aluminium alloy subframes mainly includes the extruded profile welding type and
casting type. In recent years, many scholars have performed research on the development
of subframes and have obtained some research results. Li et al. [1] proposed a subframe
topology optimization method from a conceptual design to a detailed design, which
further reduced the overall subframe weight, met the requirements of stiffness and natural
frequency, passed the durability requirements, and, finally, reduced the subframe mass from
the initial structure of 82.6 kg to 21.4 kg. Kim et al. [2] proposed a subframe method based on
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topology optimization, which took the bar section and stiffness value as the design variables
to simultaneously optimize the topology and shape of the subframe. Ali and Fraser [3]
used the finite element method to analyse a certain subframe of a Chevrolet vehicle, used
LS-DYNA commercial software to model the subframe, analysed the subframe under
normal driving conditions and vehicle collision conditions, and established the appropriate
subframe material by comparison with the performance of the original subframe of the
vehicle. Nam et al. [4] proposed a fatigue life evaluation technology for the aluminium
subframes of automobiles. Based on the virtual test simulation technology of the nonlinear
suspension component model, this technology can effectively predict the fatigue life of the
vehicle chassis structure. By testing an actual aluminium subframe, the accuracy of the
model was verified. Lee et al. [5] optimized the shape and thickness of the subframe to meet
the requirements of multidisciplinary design optimizations (MDOs) and meet the weight,
fatigue, crash, NVH, and K & C performance requirements. The proposed method was also
suitable for complex vehicle design problems. Oh et al. [6] developed a subframe using a
hydraulic forming technology. To improve the stiffness of the suspension and reduce the
maximum stress that affects the durability cycle life, they adopted a variety of optimization
design techniques, shape, size, and topology optimization, and formed the shape of the
optimized rear suspension through a hydraulic forming process. The effectiveness of this
design method was proven by finite element commercial software. To improve the NVH
performance of vehicles, Park et al. [7] studied the front subframe of the vehicle, optimized
the dynamic stiffness of the suspension bushing of the subframe, analysed the advantages
and disadvantages of the integral subframe with different total shapes, and proposed
structural reinforcement and other methods to improve the overall NVH performance of the
vehicle. Hur and Lee [8] designed an integrated method for pre-tests, modelled associations
and updated analyses of automobile subframes, evaluated model correlations by combining
modal parameters of modal tests and finite element analyses, and analysed changes in the
natural frequencies and MAC values of material characteristics based on sensitivity analysis
results. The iterative method was used to modify the finite element model, and good
results were obtained. Belingardi et al. [9] established the goals of strength, stiffness, and
natural frequency of the subframe. The subframe designed using composite materials and
optimizing the placement of stiffeners was superior to the steel subframe. Chiu Huang [10]
designed a hydraulic moulding mould for the subframe, which could be used to achieve
a lightweight subframe design. Han et al. [11] applied composite materials to the chassis
component subframe, comparing the natural frequency and damping characteristics of steel
and composite test pieces, achieving a certain improvement in stiffness, strength, and NVH
performance of the composite subframe compared to the steel subframe, achieving a 50%
weight reduction effect. Law et al. [12] proposed a new design method for the subframe after
studying the subframe structure and design methods. The subframe structure designed
using this method was superior in terms of lightness of weight and durability. Jang
et al. [13] conducted a lightweight optimization design for the front subframe structure
of a car. After optimization, while ensuring performance indicators, the optimized front
subframe mass decreased by 30%, while verifying the practicality of the optimization
design method. Fichera et al. [14] conducted theoretical calculation and analysis of the
performance and load of the subframe, and then conducted topology optimization on the
subframe structure, which resulted in a reasonable subframe structure. Rotondella et al. [15]
constructed a subframe welding model and verified the reliability of the model through
comparison of experiments and simulations. This method could predict structural dynamic
characteristics. Da’Quan et al. [16] used ANSYS to study the topology optimization of the
subframe under complex load conditions. The study found that the structural performance
of the side member of the subframe was improved, while the weight of the subframe
remained unchanged. Price et al. [17] designed a cast aluminium alloy subframe that
reduced the weight by 40% while maintaining the same strength as the original subframe
by optimizing weight and geometry. Liao et al. [18] designed a new high-strength steel
subframe structure based on the stiffness and strength analysis of the subframe under
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various working conditions. Through comparative analysis of various performances with
the original subframe, the feasibility of the new subframe was verified. Hamdi et al. [19]
optimized the design of the subframe, which resulted in a significant improvement in NVH
performance and a significant reduction in quality. Through verification, this method has
made a positive contribution to improving vehicle NVH performance.

In this paper, an aluminium alloy front subframe envelope is first established based on
the original steel front subframe, the topology optimization of the aluminium alloy front
subframe envelope is carried out by the method of multi-condition topology optimization,
and the optimal force path of the subframe is obtained. According to the topology opti-
mization results in CATIA with regards to the detailed mathematical modelling design, its
strength, stiffness, and modal performance analysis, the aluminium alloy front subframe
performance indicators are obtained. Then, the aluminium alloy front subframe after topol-
ogy optimization is used to establish a parametric model. Based on the Isight optimization
platform, the optimal Latin hypercube test method is used to generate sample points [20],
and an approximate response surface model of the aluminium alloy front subframe is
constructed. Regarding a former deputy frame optimization design, the multi-objective
particle swarm optimization algorithm is adopted for aluminium alloys. Through the
analysis of the strength, static stiffness, and modal and fatigue durability, the performance
of the aluminium alloy front subframe meets the design requirements, and the modal error
of the aluminium alloy front subframe sample and the finite element analysis modal is less
than 15%. Moreover, this model successfully passed the bench fatigue durability test.

2. Multi-Condition Topology Optimization of the Aluminium Alloy front Subframe

The aluminium alloy front subframe envelope body is established based on the hard
points of each subframe connection. The principle of establishing the aluminium alloy front
subframe envelope body should ensure that there is no movement interference between
the envelope body and the surrounding parts. The established envelope body is shown
in Figure 1. The aluminium alloy material used is a ZL114A cast aluminium alloy with a
density of 2.68 x 10~? t/mm3, Poisson’s ratio of 0.33, elastic modulus of 7.24 x 10* MPa,
yield strength of 230 MPa, and tensile strength of 290 MPa.

y

Figure 1. Aluminium alloy front subframe envelope.

The subframe will encounter various working conditions during use, so the influence
of the various working conditions on the subframe structure should be comprehensively
considered in exploitation and design. Regarding vice frames, the typical working condi-
tions are the forward braking condition, backward braking condition, forward emergency
braking condition, backward emergency braking condition, overconvex hull condition,
over unilateral hull condition, over one side deep pit condition, ultimate steering condi-
tion, steering braking condition, steering drive condition, maximum driving acceleration
condition, and diagonal torsion condition. The load information of each typical working
condition extracted from the multibody dynamics analysis software Adams/car is summa-
rized and used to check the strength of the aluminium alloy front subframe, as shown in
Table 1. Due to space limitations, only part of the load information is shown here.
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Table 1. Summary of load information of each typical working condition.

Load Loadi Load
oac -oacing Extraction FX/N FY/N FZ/N TXN.mm  TY/N.mm  TZ/N.mm
Condition Position
Forward braking 328407  —13,69891 97643  —1256555 ~ —497273  17,758.18
Backward braking —1938.66 525036 440.28 2433.93 790852  —17,822.63
Forward emergency 3603.93  —12297.02  503.65 ~ —10,162.87 614274  17,802.89
braking
Backward emergency Leftfront 556750 592208 384.72 1116.05 10,04576  —19,683.54
braking mounting
Overconvex hull pointof lower ~ —31296 203732 33097  —16,806.04 682.42 ~1978.72
Over unilateral hull controlarm  —47174  —304579 52229  —17,978.29 624.39 —2796.88
Over one side deep pit 248679  —19,902.80 336850  —19,12535  —2931.95  18310.30
Ultimate steering 16090 12,0752  —114256  —1471209  —395.00 —8286.05
Steering braking 217252 —466631 46700  —13,050.78  —3580.23  14,608.78
Steering drive ~1786.45  13389.08  933.28 501.83 832725  —22282.73
Maximum driving ~959.99 371135 661.49 11,256.40 573413 —10,161.87
acceleration
Diagonal torsion 33045  —218629 19293  —12,220.28 305.09 —2008.30
Forward braking 641523 11,730.02  —399.92  —17,44581  4444.70 1461.34
Backward braking —340468  —627554  —788.88 2620.12 —84.12 —2600.15
Forward emergency 7662.75  13,728.38 10.44 ~13,110.00  3269.03 2080.89
braking
Backward emergency Left rear ~5073.90  —8907.96  —945.29 248.28 838.25 —2830.12
braking mounting
Overconvex hull pointof lower ~ —39248  —749.21 88.65 —28,13893  7174.87 —3304.56
Over unilateral hull controlarm ~ —60828  —114171 15351  —30,77638 741547 —3843.70
Over one side deep pit 3891.64 741200  —104345  —32,024.11 687148 —588.33
Ultimate steering —355.88  —657.69 56.79 —23436.62  6460.99 —3803.89
Steering braking 3647.18 704050 ~ —319.42  —18503.06  4927.97 506.97
Steering drive —4046.88 726667  —699.38  —772.01 983.45 —3228.57
Maximum driving ~1541.12  -2936.89 ~ —70571 1592578 325331 218221
acceleration
Diagonal torsion —439.74  —838.45 42,95 ~18237.10  5292.08 —1926.40
Forward braking —35.71 28271 —42.47 —5.02 —335.09 —5480.94
Backward braking —37.87 —61.51 —76.32 179.50 —675.91 1313.98
Forward emergency —48147 25038 150.66 164.99 ~2733.61  —5023.66
braking
BaCkWirr‘ilfﬁ;rgemy Steering gear 35229 —63.17 64.88 217.27 1332.79 1586.27
Overconvex hull left mgi‘ft‘tmg ~89.30 74.38 9.83 166.08 —829.91 ~1352.61
Over unilateral hull p —150.66 —221.96 79.69 —853.46 —1710.82 —1956.74
Over one side deep pit 502.53 215657  —778.59 1839.08 6405.35 —4312.94
Ultimate steering 349.17 887.21 —328.71 —229.11 4762.88 2935.18
Steering braking 47.06 633.97 —97.38 —452.64 1676.53 —2247.49
Steering drive ~73026  —1058.18 ~ —224.87  —162426  —8359.98 2036.35
Maximum driving ~290.88  —4550  —356.40 43.70 —1885.46 733.59
acceleration
Diagonal torsion —98.05 —185.83 1956 ~ —1143.84  —1169.12  —1932.29

The topology optimization method based on the compromise programming method in
Optistruct software is used to optimize the topology of the aluminium alloy front subframe
under multiple working conditions. The compromise programming method solves the
optimal solution of the multi-objective optimization problem by approximating the one-
by-one objective function. It can not only deal with the relative importance of different
objective functions, but also give the sensitivity analysis of the optimal strategy to each
constraint condition. It can also weigh multiple objectives, avoiding the disadvantage of
not considering other influencing factors in the single objective optimization. The volume
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percentage and weighted compliance are taken as the optimization response; the goal was
to minimize the weighted compliance. The volume percentage is taken as the constraint
condition, and the symmetric constraint and the process restriction of the unidirectional
drawing die are introduced. Considering the influences of 12 typical working conditions
on the topology optimization, the corresponding topology optimization model can be
expressed as [11]:

1
. m C (p)cmin:|q}li
C(o) = T 20k
min (p) {kzl wk |: C}r{naxfclrcnm
s.t%{’;) < wolfrac 1)
cons = vol frac

geo = symmetry
Omax < [0]

where C(p) is the objective function of comprehensive compliance; m is the total number
of working conditions; wy is the weight value in the k — th working condition; Ci(p)
is the objective function of compliance under the k — th working condition; CJ"" and
C*® are the minimum and maximum compliance values of the k — th working condition,
respectively; V(p) is the volume after topology optimization; Vj is the volume before
topology optimization; vol frac is the volume percentage; cons is the constraint condition;
geo is the geometric limit; symmetry is the symmetric constraint; omax is the maximum
stress under the ultimate load condition; and [¢] is the allowable stress of the material.

By dividing the aluminium alloy front subframe envelope into the design area and
the non-design area, the minimum and maximum member sizes are set. The minimum
member size should be more than 3 times the average mesh size of the model, and the
maximum member size should be more than 2 times the minimum member size, in order
to eliminate the excessive concentration of materials. Because the aluminium alloy front
subframe envelope mesh size is 5 mm, here the minimum member size is set to 16 and the
maximum member size is set to 40. After 21 iterations, the topology optimization results of
the aluminium alloy front subframe envelope obtained when the threshold is adjusted to
0.3 are shown in Figure 2.

Contour Plot
Element Densities(Density)
Simple Average

1.000E+00
[ 8.900E-01

7.800E-01
— 6.700E-01
= 5.600E-01
= 4.500E-01

o 3.400E-01
2.300E-01

i 1.200E-01
1.000E-02

Iso > 3.000E-01
Max = 1.000E+00
Grids 477345
Min = 1.000E-02
Grids 512739

N

(a)

Figure 2. Cont.



Metals 2023, 13, 705 6 of 28

Contour Plot
Element Densities(Density)
Simple Average
1.000E+00

[ 8.900E-01
7.800E-01

— 6.700E-01

E 5.600E-01
4.500E-01

o 3.400E-01
2.300E-01

l 1.200E-01
1.000E-02

Iso > 3.000E-01
Max = 1.000E+00
Grids 477345
Min = 1.000E-02
Grids 512739

(b)

Figure 2. Topology optimization results of aluminium alloy front subframe envelope under multiple
working conditions. (a) Positive results of multi-condition topology optimization. (b) Rear result of
multi-condition topology optimization.

Based on the topology optimization results, according to the stress path of the alu-
minium alloy front subframe envelope and considering the position of the reinforcing bars,
the detailed digital modelling design of the aluminium alloy front subframe is carried out
in CATIA. The detailed design digital modelling of the aluminium alloy front subframe is
shown in Figure 3. The weighing result of the aluminium alloy front subframe in CATIA is
18.55 kg.

Figure 3. Aluminium alloy front subframe detailed design of digital model.

3. Performance Analysis of the Aluminium Alloy Front Subframe
3.1. Strength Performance Analysis of the Aluminium Alloy Front Subframe

The strength performance of the aluminium alloy front subframe under each typical
working condition is analysed according to the typical working condition load extracted by
multibody dynamics. The establishment of displacement and load boundary conditions for
the aluminium alloy front subframe is shown in Figure 4.
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Figure 4. Establishment of displacement and load boundary conditions for aluminium alloy front
subframe.

The analysis results are shown in Figure 5. Due to space limitations, only part of
the stress analysis results of the aluminium alloy front subframe under typical working
conditions are listed. According to the cloud diagram of the stress analysis results, it can
be seen that the stress of the aluminium alloy front subframe under each typical working
condition is the maximum when the aluminium alloy front subframe is under the one
side deep pit condition. Moreover, the stress value is 180.6 MPa, which is far less than the
material yield strength of 230 MPa and is within the safe range of the material. This shows
that the aluminium alloy front subframe meets the strength performance requirements and
has a large space for optimization.
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Figure 5. Cloud diagram of stress results of aluminium alloy front subframe under some typical
working conditions. (a) Forward braking condition. (b) Backward braking condition. (c) Forward
emergency braking condition. (d) Backward emergency braking condition. (e) Over one side deep
pit condition. (f) Ultimate steering condition.

3.2. Static Stiffness Performance Analysis of the Aluminium Alloy Front Subframe

As a bearing part, the aluminium alloy front subframe needs to meet certain static
stiffness requirements. Thus, it is necessary to carry out static stiffness analysis on the
aluminium alloy front subframe. The static stiffness can be calculated with the ratio of
the load of the subframe to the deformation under the corresponding load, as shown in
Equation (2):

K=1 @

where K is the static stiffness value of the subframe, F is the load of the subframe at each
connection hard point, and L is the deformation amount under the corresponding load.

In the static stiffness analysis of the aluminium alloy front subframe, the three trans-
lational degrees of freedom and three rotational degrees of freedom of the connection
position between the aluminium alloy front subframe and the body are constrained. The
load condition is a unit force of 1000 N in each of the three translational directions being ap-
plied to each installation point of the aluminium alloy front subframe. Table 2 summarizes
the static stiffness analysis results at each mounting point of the aluminium alloy front
subframe.

Table 2. Static stiffness analysis results of each mounting point of the aluminium alloy front subframe.

Number

Position of Mounting Point Direction

Static Stiffness Value Target Static Stiffness Value

(N/mm) (N/mm)

X 23,810 12,000

1 Lower arm left front point Y 25,641 16,000
V4 40,000 5000

Lower swing arm left X 50,0000 20,000

2 o ‘(5) e Y 90,909 20,000
P z 52,631 5000

X 13,889 12,000

3 Lower arm right front point Y 45,455 16,000
V4 45,455 5000

Lower swing arm right X 200,000 20,000

4 o goint & Y 200,000 20,000
P z 62,500 5000

X 40,000 25,000

5 Steering gear left point Y 55,556 25,000
Z 22,727 8000
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Table 2. Cont.

Number

Position of Mounting Point Direction

Static Stiffness Value Target Static Stiffness Value

(N/mm) (N/mm)
X 71,429 25,000
6 Steering gear right point Y 90,909 25,000
V4 28,571 8000
X 58,824 10,000
7 Stabilizer bar left point Y 76,923 5000
V4 40,000 16,000
X 100,000 10,000
8 Stabilizer bar right point Y 111,111 5000
V4 47,619 16,000

According to the static stiffness analysis results of each installation point, the static
stiffness of the aluminium alloy front subframe at each installation point reaches and
exceeds the target value.

3.3. Free Modal Analysis of the Aluminium Alloy Front Subframe

The natural frequency is a characteristic property of objects. Resonance occurs when
externally applied vibrations coincide with the natural frequency of the object. When
resonance occurs, vibration and noise will increase dramatically and eventually lead to
the destruction of parts [11]. Because the low-order mode has a great influence on the
vibration performance of the subframe, usually only the influence of the low-order mode
on the subframe is considered. When the vibration frequency of the subframe is close
to the excitation frequency, the damage of the parts will be accelerated. Therefore, the
frequency of the subframe is close to the excitation frequency, and the frequency of the
first-order modal should be increased as much as possible. The modal calculation of the
aluminium alloy front subframe is carried out under the OptiStruct module of HyperMesh.
The Lanczos algorithm is used to analyse the free modal of the aluminium alloy front
subframe. The Lanczos method has a fast convergence speed. The first 6 modals are rigid
body modals, so only the modals after the 7th order are considered. To clearly see the
modal shape of the subframe, the scaling coefficient is set to 3. The first 6 orders of nonrigid
body modal shapes are shown in Figure 6.

The subframe is mainly affected by the ground excitation frequency and engine
excitation frequency, while the excitation frequency of general highway pavement is below
25 Hz, and the engine excitation frequency can be calculated by the following formula:

_hn-z

=150 3)

where 7 is the idle speed of the engine, r/min, and z is the number of cylinders of the engine.
The idle speed of the engine of the model under study is 1500 r/min, and the engine is
a four-cylinder engine. Thus, the engine excitation frequency is calculated to be 50 Hz, and
the free modal of the aluminium alloy subframe should be beyond 50 Hz to avoid resonance.
The results of the finite element analysis show that the free modal first-order frequency
of the aluminium alloy subframe is 97 Hz. It is much higher than the ground and engine
excitation frequency, and the difference between each modal frequency is more than 20 Hz.
Thus, the aluminium alloy subframe will not resonate with the excitation frequency, and
the modal performance of the aluminium alloy subframe meets the design requirements.
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Figure 6. Non-rigid body modal shapes for the front 6th order of aluminium alloy front subframe.
(a) First order modal shape. (b) Second order modal shape. (c) Third modal shape. (d) Fourth modal
shape. (e) Fifth modal shape. (f) Sixth modal shape.

4. Lightweight Optimization Design Based on Multi-Objective Methods
4.1. Establishment of the Parametric Model of the Aluminium Alloy Front Subframe

The parametric model of the aluminium alloy front subframe is created in the Morph
module of Ansa. The Morph module can quickly carry out mesh deformation and create
shape design variables. Four positions of the aluminium alloy front subframe are selected to
set the parametric variables. The parameterized model and optimized positions are shown
in Figure 7. The four positions are named F_01, R_01, LZ_t, and LZ_b. The variation range
of the parameterized variables at four positions of the aluminium alloy front subframe is
shown in Table 3.
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Figure 7. Parameterized model and optimized position of aluminium alloy front subframe.
Table 3. Variation range of design variables of aluminium alloy front subframe.
Design Variable Initial Value Lower Limiting Value Upper Limit Value
(mm) (mm) (mm)

F_01 0 —20 10
R_01 0 —30 15
LZ_t 0 =5 5
LZ b 0 -8 0

4.2. Establishment of the Optimization Mathematical Model

Based on the strength performance obtained in Section 3.1 and the performance of
the modal analysis obtained in Section 3.3, the aluminium alloy front subframe can be
further optimized, and the mass can be further reduced. The design of the aluminium alloy
front subframe should meet various performance requirements at the same time, including
the strength, static stiffness, modal performance, and fatigue endurance performance [18],
which is a multi-objective optimization problem [21]. The establishment of a multi-objective
optimization design mainly includes the determination of the design variables, constraints,
and optimization objectives, as well as the selection of an optimization algorithm. In this
paper, the multi-objective optimization platform Isight, combined with Ansa, OptiStruct,
and Meta, is adopted to conduct the multi-objective optimization of the aluminium alloy
front subframe. The parameters of the aluminium alloy front subframe model were estab-
lished in the morph module of Ansa; the strength, stiffness, and modal were calculated in
the OptiStruct module; and the strength, stiffness, and modal values were extracted in the
Meta software. The specific mathematical model is as follows:

Object : {Massmin(X) < 18, Freq_lmax(X), Dispmin(X)} 4)

97 < Freq_1 <200
Max_stress1 < 180
s.t. ¢ Max_stress2 < 145 5)
Max_stress3 < 128
Dispmin(X) < 0.07

—20<F 01<10
—8<LZb<O ©)
—5<LZ t<5

-30<R01<15

Variable :

where Massmin (X) is the minimum mass of the aluminium alloy front subframe; Freq_1max(X)
is the first order frequency of the nonrigid body modal of the aluminium alloy front subframe;
Dis prin (X) is the minimum maximum displacement; Freq_1 is the first order nonrigid body
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modal of the aluminium alloy front subframe, Max_stress1, Max_stress2, Max_stress3 are
the stress values of the over one side deep pit condition, forward braking condition, and
forward emergency braking condition, respectively; and F_01, R_01, LZ_t, LZ_b are the
four defined optimization design variables.

4.3. Experimental Design and Establishment of the Approximate Model

Through experimental design, key test factors of the aluminium alloy front subframe
can be quickly identified, the optimal combination of the variables and parameters can
be identified, and the relationship between the variables and optimization objectives can
be analysed to reduce the subjectivity of the design and improve the reliability of the
design [22]. In this paper, the optimal Latin hypercube experimental design algorithm is
adopted [23,24]. It can make the fitting of factors and responses more accurate and make
the sampling points more uniform. The distribution of the optimal Latin hypercube sample
points is shown in Figure 8. The number of DOE design points is 25. Figure 9 shows the
DOE multi-objective optimization platform built based on Isight.

I I

A
Yl

1 1 ‘ X:
1

Figure 8. Distribution of optimal Latin hypercube sample points.
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al

— 8 —a—a——

Ansa_stiffness Optistruct_sti- Meta_stiffness
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@8 E—
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Meta_strength_2

> @] —
-
Meta_strength_4

Figure 9. Multi-objective experimental design optimization platform.
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DOET1 is the experimental design module; the Ansa_modal branch is the modal op-
timization branch, the Ansa_stiffness branch is the static stiffness optimization branch,
and the Ansa_strength is the strength optimization branch. Regarding the strength op-
timization, three working conditions with maximum stresses are considered. They are
the over one side deep pit condition, forward braking condition, and forward emergency
braking condition.

The approximate model method is a method used to approximate a set of input
variables and output variables by the mathematical model method. The relationship
between the input variables and output response of the approximate model is as follows:

y(x) =y(x) +e @)

where y(x) is the actual response value and an unknown function; y(x) is the response
approximation with a known polynomial; and ¢ is the error between the actual value and
the approximate value.

When the approximate model has a sufficient accuracy, the approximate model can be
used to replace the actual model for simulation analyses to shorten the calculation time
and improve the calculation efficiency. Figure 10 shows the construction process of the
aluminium alloy front subframe approximate model.

Select the DOE
test method

Generate sample point data

v

Select the approximate model
approach

Y

Set the error analysis method

v

Generating approximate model

v

Approximate model error verification

Change
<l

A

Does it meet the
accuracy
requirement?

The approximate model is used instead of
the simulation model

Figure 10. Process of building approximate model of aluminium alloy front subframe.

A response surface model is used to construct approximate models [25-27]. Because
four positions of the aluminium alloy front subframe are defined as parametric design vari-
ables, a second-order polynomial is selected to establish the response surface approximation
model, and the specific formula is as follows [28]:

Y= Po+pixi+Baxa+ -+ Prxm + Puprxi®+
Bm2x2® + -+ + Bamxam® + gﬂijxixj ®)
i#]
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where y is the response approximation; Bo, 1, B2 - - Bm - - - Bij are the polynomial coeffi-
cients; and x1,x3 - - - x) - - - x; are the components of the design variable.

After the approximate model is constructed, an error test should be conducted on the
fitting results of the approximate model, and the R-squared error analysis method should
be used to test the fitting accuracy between the approximate model and the actual sample
points [29-31]. The closer R-squared is to 1, the higher the accuracy of the approximate
model, with a high credibility. Moreover, a fitting accuracy above 0.9 is generally acceptable.
The R-squared value of each response of the aluminium alloy front subframe is shown in
Table 4, and it can be seen from Table 4 that the fitting accuracy of each response is greater
than 0.98, indicating that the fitting effect of each response variable is good. An approx-
imation model can be used in place of the actual model for multi-objective optimization
simulations, thus greatly shortening the computing workload and calculation time.

Table 4. Fitted R-squared values for each response.

Responses Total Error
Freq_1 0.99675
Mass 0.99995
Max_stress1 0.99493
Max_stress2 0.99783
Max_stress3 0.99781
Disp 0.9897

Figure 11 shows the fitting results of the predicted and actual values of each response
of the aluminium alloy front subframe. The abscissa is the predicted value, and the ordinate
is the actual value. The points on the 45° oblique line indicate that the predicted results are
the same as the actual results.

Figure 12 shows the response surface approximation model between the first-order
frequency response of the aluminium alloy front subframe and each variable, and the
response surface can better express the changing trend of the test point. The corresponding
response value of the two variables can be found at any value within the design range.
It can be seen from the equal potential surface that the degree of linearity of the fitting is
relatively high.

4.4. Multi-Objective Optimization of the Aluminium Alloy Front Subframe Based on the
Approximate Model

The multi-objective particle swarm optimization algorithm [32] was used to optimize
the aluminium alloy front subframe. Multi objective particle swarm optimization is a
population-based search process that uses the principles of evolutionary computation: first,
initialize from a group of random populations, and search for the optimal value through
updating the population generations. The evolution process depends on the previous
population. Compared to other optimization algorithms, the advantage of the Multi
Objective Particle Swarm optimization algorithm is its strong versatility, simplicity, and ease
of implementation, with fewer parameters to adjust. Figure 13 shows the multi-objective
optimization design platform based on the approximate model, in which Optimization is
the multi-objective optimization module. Moreover, Approximation is the approximate
model obtained after generating sample points through the optimal Latin hypercube
experimental design. The parameters of the multi-objective particle swarm optimization
algorithm are as follows: the maximum number of iterations is set to 100, in order to obtain
more optimization results; the number of particles is set to 10; the inertia weight is set to 0.9;
the global increment is set to 0.9; the particle increment is set to 0.9; the maximum velocity
is set to 0.1; the max failed runs is set to 5; the failed run penalty value is set to 1.0 x 10%;
the failed run objective value is set to 1.0 x 10%.
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Figure 11. The fitting results of the predicted and actual response values of the aluminium alloy front

subframe. (a) Results of first-order modal frequency fitting. (b) Mass fitting results. (c) Stress fitting

results of over one side deep pit condition. (d) Stress fitting results of forward braking condition.

(e) Stress fitting results of forward emergency braking condition. (f) Fitting results of the maximum

displacement of the right front point of the lower arm.
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Figure 12. First order frequency response and variable response surface approximation model
of the aluminium alloy front subframe. (a) Response surface approximation model between the
first order frequency of the aluminium alloy front subframe and design variables LZ_b and F_01.
(b) Response surface approximation model between the first order frequency of the aluminium alloy
front subframe and design variables LZ_t and F_01. (c) Response surface approximation model
between the first-order frequency of the aluminium alloy front subframe and design variables R_01
and F_01.

Optimization

°o—>» —> 0
Approximation

Figure 13. Approximate model multi-objective optimization design platform.



Metals 2023, 13, 705 17 of 28

The multi-objective optimization design based on the response surface approximation
model iteration was run 1002 times. The local effect diagram can show which had the
greatest influence on the target response variable and can find the weak link in the design.
To better guide the design, the local effect between each variable and the response is shown
in Figure 14. Blue represents a positive effect, and red represents a negative effect. From the
local effect diagram, it can be seen that F_01 has the most significant effect on the frequency,
R_01 has the most significant effect on the mass, and LZ_b has the most significant effect
on the stress over one side deep pit condition and forwards braking condition. The optimal
solution set was selected from the 1002 iterations to make it closest to the set target value,
and the optimal solution of the four variables was finally determined, as shown in Table 5.

1 1 1 Il |
2.5%X10% 5.0X10° 7.5X10°® 1.0X10° 1.3X10®° 1.5X10° 1.8X107°

(b)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0

(c) (d)

Figure 14. Local effect diagram of each variable and response. (a) Frequency local effect diagram.
(b) Mass Local Effect diagram. (c) Local effect diagram of stress in over one side deep pit condition.
(d) Local effect diagram of forward braking condition.

Figure 15 shows the digital-analogue comparison before and after multi-objective
optimization of the aluminium alloy front subframe. After optimization, the weight is
reduced from 18.55 kg to 17.6 kg, reducing the weight by 0.95 kg.
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Table 5. Comparison of variable data before and after optimization.
. . Initial Lower Limiting Upper Limit Optimal
Design Variable Value/mm Value/mm Value/mm Value/mm
F_01 0 -20 10 1.5
R_01 0 -30 15 —27
LZ_t 0 -5 5 —4
LZ_ b 0 -8 0 —45

—"‘_klg- | gl

Figure 15. Digital and analogue comparison before and after multi-objective optimization of alu-
minium alloy front subframe.

5. Performance Analysis and Verification of the Aluminium Alloy Front Subframe
after Optimization

5.1. Strength Performance Analysis of the Optimized Aluminium Alloy Front Subframe

The displacement boundary conditions and load boundary conditions from Section 3.1
are used to analyse the strength performance of the optimized aluminium alloy front
subframe. Figure 16 shows the cloud diagram of the stress analysis results of the optimized
aluminium alloy front subframe under some typical working conditions. According to the
cloud diagram of the stress analysis results, the working condition corresponding to the
maximum stress of the optimized aluminium alloy front subframe is the limiting condition
of the one side deep pit condition, and the stress value is 179.3 MPa, which is 1.3 MPa less
than the value of 180.6 MPa before optimization.

Table 6 shows the comparative analysis results of the stress of the aluminium alloy front
subframe before and after optimization. After optimization, the stress of the aluminium
alloy front subframe is reduced in all typical working conditions, which is less than the
material yield strength. After optimization, the aluminium alloy front subframe meets the
strength requirements.

Table 6. Comparative analysis results of stress before and after optimization of aluminium alloy
front subframe.

Typical Working Conditions Model Stress before Optimization/MPa  Model Stress after Optimization/MPa

Forward braking condition 145.7 141.7
Backward braking condition 51.9 50.2
Forward emergency braking condition 128.4 124.8
Backward emergency braking condition 59.7 57.8
Over one side deep pit condition 180.6 179.3
Ultimate steering condition 103.7 101.9
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Figure 16. Cloud image of stress analysis results of aluminium alloy front subframe under some

typical working conditions after optimization. (a) Forward braking condition. (b) Backward braking
condition. (c¢) Forward emergency braking condition. (d) Backward emergency braking condition.
(e) Over one side deep pit condition. (f) Ultimate steering condition.

5.2. Static Stiffness Performance Analysis of the Optimized Aluminium Alloy Front Subframe

Table 7 shows the comparative analysis results of the static stiffness performance of the
aluminium alloy front subframe before and after optimization. The results show that the
static stiffness values of each hard point of the aluminium alloy front subframe have little
change compared with those before optimization, which is within the acceptable range and
meets the design requirements.

5.3. Free Modal Performance Analysis of the Optimized Aluminium Alloy Front Subframe

Free modal analysis is carried out on the optimized aluminium alloy front subframe,
and the first six rigid body modals are filtered out. The cloud diagram of the free modal
analysis results is shown in Figure 17. Table 8 shows the comparison results of the free
modal analysis before and after optimization of the aluminium alloy front subframe. After
optimization, the first-order modals and fifth-order modals of the aluminium alloy front
subframe are slightly reduced, while the other modals are improved. These results are
higher than the ground and engine excitation frequencies, and the difference between each
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modal frequency is more than 20 Hz. The optimized aluminium alloy front subframe meets
the modal performance requirements.

Table 7. Comparative analysis results of static stiffness performance of aluminium alloy front
subframe before and after optimization.

Static Stiffness Value of the Static Stiffness Value of

Number Position of Mounting Point Direction Model before Optimization Optimized Model

(N/mm) (N/mm)

X 23,810 24,390

1 Lower arm left front point Y 25,641 23,809
4 40,000 37,037

Lower swing arm left X 500,000 500,000

2 o % o Y 90,909 83,333
p z 52,631 50,000

X 13,889 13,888

3 Lower arm right front point Y 45,455 40,000
4 45,455 40,000

Lower swing arm right X 200,000 200,000

4 o goint & Y 200,000 200,000
p Z 62,500 62,500
X 40,000 38,461
5 Steering gear left point Y 55,556 52,631
Z 22,727 21,739

X 71,429 71,428

6 Steering gear right point Y 90,909 83,333
Z 28,571 27,027

X 58,824 58,823

7 Stabilizer bar left point Y 76,923 83,333
Z 40,000 38,461

X 100,000 100,000

8 Stabilizer bar right point Y 111,111 111,111
Z 47,619 45,454

Table 8. Comparison of free modal analysis results before and after optimization of aluminium alloy
front subframe.

Order Model Frequency before Optimized Model
Optimization/Hz Frequency/Hz
First order modal 97 96
Second order modal 216 222
Third order modal 261 268
Fourth order modal 345 346
Fifth order modal 376 373

Sixth order modal 397 417
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Figure 17. Optimized non-rigid body modal shapes for the front 6th order of the aluminium alloy
front subframe. (a) First modal shape. (b) Second order modal shapes. (c) Third order modal shapes.
(d) Fourth order modal shapes. (e) Fifth order modal shapes. (f) Sixth order modal shapes.

5.4. Fatigue Life Analysis of the Optimized Aluminium Alloy Front Subframe

Automobile parts will be subjected to various excitation loads during use. Even if the
automobile parts meet the strength requirements, they will fracture or fail due to fatigue
damage. Therefore, it is imperative to carry out a fatigue analysis of the aluminium alloy
front subframe. The aluminium alloy front subframe will be affected by the excitation of the
ground and the engine during use because of a high stress alternating frequency; therefore,
the analysis method of the high cycle fatigue is adopted, that is, the stress-life (5-N) fatigue
analysis method [33-37]. The fatigue life analysis of the aluminium alloy front subframe
is carried out in the fatigue process module of the HyperMesh software, and the whole
fatigue analysis process is shown in Figure 18.
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Figure 18. Fatigue analysis flow of aluminium subframe.

After the pre-treatment parameters of the fatigue analysis are set, they are submitted
to the solver for calculation. The fatigue life of the aluminium alloy front subframe is
analysed under two conditions of high stress: the over one side deep pit condition and
forward braking condition. The target value of the fatigue damage is less than 0.25. The
fatigue damage cloud diagram and fatigue life cloud diagram of the optimized aluminium
alloy front subframe are shown in Figures 19 and 20, respectively, under the one side deep
pit conditions.

Mode
Subcase 2 (fatigue-2.0): Fatigue Analysis : Frame 2¢

Figure 19. Fatigue damage cloud image of aluminium alloy front subframe over one side deep
pit condition.

1: Model
Subcase 2 (fatigue-2.0) : Fatigue Analysis : Frame 25

titic Max. Value = 1000000108001

Figure 20. Fatigue life cloud diagram of aluminium alloy front subframe over one side deep
pit condition.
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It can be seen from Figure 19 that the maximum fatigue damage of the aluminium
alloy front subframe is 0.201, which is less than the target value of 0.25; thus, the design
requirements are met. It can be seen from Figure 20 that the minimum fatigue life of the
aluminium alloy front subframe is 2.08 x 107, which also meets the design requirements.

The fatigue damage cloud diagram and fatigue life cloud diagram of the aluminium
alloy front subframe under forwards braking conditions are shown in Figures 21 and 22.
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Figure 21. Fatigue damage cloud diagram of aluminium alloy front subframe under forward
braking condition.
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Figure 22. Fatigue life cloud diagram of aluminium alloy front subframe under forward
braking condition.

Figure 21 shows that the maximum fatigue damage of the aluminium alloy front
subframe in the forward braking condition is 2.49 x 107°, which is far less than the
target value of 0.25; thus, the design requirements are satisfied. Figure 22 shows that
the minimum fatigue life of the aluminium alloy front subframe in the forward braking
condition is 1.42 x 10'%, which also meets the design requirements.

6. Test Analysis of the Aluminium Alloy Front Subframe Sample
6.1. Free Modal Test Analysis of the Aluminium Alloy Front Subframe

The aluminium alloy front subframe studied in this paper is produced by an integrated
casting method. After casting, the aluminium alloy front subframe sample is obtained
by fine machining. To verify the accuracy and reliability of the finite element analysis
results, a free modal test of the finished aluminium alloy front subframe was carried out.
The modal test equipment used is shown in Figure 23, and the free modal test platform
built for the aluminium alloy subframe is shown in Figure 24. The aluminium alloy front
subframe sample was suspended on the test bench by a special rubber cord for the modal
test so that it was in a free suspension state. The method of force hammer knocking and
multipoint picking up was adopted for the modal test [38]. Eight test points were selected
in the aluminium alloy front subframe body, and the force hammer knocking position was
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repeatedly knocked six times to obtain the average value to improve the accuracy of the
test results.

Figure 24. Free modal test platform of aluminium alloy subframe.

The least square frequency domain method is used to identify the modal shapes.
Figure 25 shows the comprehensive frequency response function curve of the aluminium
alloy front subframe. The results show that the first-order modal of the aluminium alloy
front subframe is 84 Hz, the second-order modal is 201 Hz, the third-order modal is 254 Hz,
the fourth-order modal is 342 Hz, the fifth-order modal is 389 Hz, and the sixth-order modal
is 390 Hz. By comparing the free modal finite element analysis results of the aluminium
alloy front subframe with the test analysis results, as shown in Table 9, it can be seen that
the maximum error of the free modal finite element results and test results of the first six
orders of the aluminium alloy front subframe is 14.29%, and the maximum error is no more
than 15%, which verifies the accuracy of the finite element model.

Table 9. The results of free modal finite element analysis of aluminium alloy front subframe are
compared with the results of test analysis.

Order Number Finite Element Analysis Test Analysis Error/%
Frequency/Hz Frequency/Hz
First order modal 96 84 14.29
Second order modal 222 201 10.45
Third order modal 268 254 5.93
Fourth order modal 346 342 1.47
Fifth order modal 373 389 1.32

Sixth order modal 417 390 6.92
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Figure 25. Integrated frequency response function curve of aluminium alloy front subframe.

6.2. Fatigue Endurance Bench Test of the Aluminium Alloy Front Subframe

To verify the fatigue durability of the front subframe of the aluminium alloy, a fatigue
durability bench test was carried out on the front subframe of the aluminium alloy. Accord-
ing to the bench test standards of enterprises, the longitudinal durability test and lateral
durability test of the front subframe were investigated, and the durability of the front and
rear installation points of the swinging arm of the front subframe of the aluminium alloy
was checked. The simulated loading of the aluminium alloy front subframe and the body
were bolted together. In the longitudinal endurance test analysis, force values ranging
from —6 kN to 8.6 kN in the X-direction were loaded on the swing arm ball pin in the form
of a sine wave. The test frequency range was 2 Hz, and the test target was 350,000 times
without cracking. The built longitudinal fatigue endurance bench test platform is shown
in Figure 26. In the analysis of the lateral force durability test, a force in the direction
of Y £+ 9 kN was loaded on the swing arm ball pin in the form of a sine wave. The test
frequency range was also 2 Hz, and the test target was 300,000 times without cracking. The
built lateral force fatigue endurance bench test platform is shown in Figure 27.

Figure 26. Longitudinal fatigue endurance test of aluminium alloy front subframe on bench.
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Figure 27. Lateral force fatigue endurance test of aluminium alloy front subframe on bench.

The longitudinal durability test and lateral durability test of the aluminium alloy front
subframe verified three samples. It was verified by the test that the aluminium alloy front
subframe could reach 350,000 times without cracking in the longitudinal durability test
and 300,000 times without cracking in the lateral durability test. These results satisfy the
requirements of the bench durability test.

7. Conclusions

In this paper, the influence of typical working conditions on an aluminium alloy front
subframe structure was considered by the multi-working condition topology optimization
method, and the optimal stress path structure of the aluminium alloy front subframe was
obtained. According to the optimal stress path structure, the detailed structural design
of the aluminium alloy front subframe and the performance analysis showed that the
aluminium alloy front subframe met the requirements for the performance of strength,
static stiffness, and modal. Further optimization can be obtained. Then, the response
surface approximation model was constructed using the optimal Latin hypercube test
method Isight. Meanwhile, the multi-objective particle swarm optimization algorithm was
used to optimize the multi-objective design of the aluminium alloy front subframe, which
further reduced the weight of the aluminium alloy subframe. Aluminium alloy subframe
samples were manufactured based on the optimization results. Free modal test analysis and
fatigue endurance bench tests were carried out on the aluminium alloy subframe samples.
The following conclusions can be drawn from this study.

e  The multi-operating condition topology optimization method is adopted to find the
best stress path of the aluminium alloy front subframe, which prevents blindness in
the design and development process of the aluminium alloy front subframe and can
greatly shorten the development cycle.

e  The response surface approximation model was constructed by using the optimal Latin
Hypercube test method in the Isight software. Meanwhile, the multi-objective particle
swarm optimization algorithm was used to carry out the multi-objective optimization
design of the aluminium alloy front subframe. After 1002 iterations, the optimal
structure of the aluminium alloy front subframe was obtained. After optimization, the
maximum stress of the aluminium alloy front subframe corresponds to the extreme
single-side pit condition, and the stress value is 179.3 MPa, which is 1.3 MPa less than
that of 180.6 MPa before optimization. After optimization, the static stiffness values
of each hard point of the aluminium alloy front subframe have little change, while
the static stiffness values of some hard points remain unchanged. Under the premise
of satisfying various performance indexes, the aluminium alloy front subframe loses
0.95 kg compared with the topology optimization, and 2.4 kg compared with the
original subframe, with a lightweight rate of 12%.
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e  Free modal test analysis was carried out on the aluminium alloy front subframe sample
after multi-objective optimizations. The error between the test results and the finite
element free modal analysis results was less than 15%, which verified the accuracy
of the finite element model. The fatigue endurance bench test of the aluminium alloy
front subframe samples showed that the longitudinal endurance test of the aluminium
alloy front subframe could reach the target value of 350,000 times, and the lateral
endurance test could reach the target value of 300,000 times, satisfying the bench
fatigue durability requirements.
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