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Abstract. Electric vehicle lightweighting is a new method for car molding. This article establishes an inte-
grated molding model for car doors. The lightweight technology for car doors requires special structures and 
optimized parameters. The optimized parameters include inner plate thickness, outer plate thickness, door and 
window frame thickness, door lock installation surface thickness, door hinge installation surface thickness  
as design variables, first-order free mode frequency as the optimization function, second-order free mode 
frequency as the optimization function, sinking stiffness working condition displacement, torsional stiffness 
working condition displacement as the optimization object, and increasing the weight of the car door as the 
optimization object. To this end, a car door optimization model and finite element analysis model were con-
structed. In order to solve the optimal optimization parameters, this paper uses an improved Bayesian optimi-
zation algorithm and TabNet deep learning algorithm to solve, and finally obtains the optimal parameters for 
lightweight car doors. After analysis, it is found that the car doors can achieve significant weight reduction 
while improving stiffness.

Keywords: new energy vehicles, lightweight technology, topological optimization, deep learning

1   Introduction

In order to address climate change and energy conservation and emission reduction, China solemnly declared to 
the world at the 75th United Nations General Assembly that it aims to achieve “carbon peak” by 2030 and “car-
bon neutrality” by 2060. Among all carbon emissions, automobile carbon emissions account for about one-fifth 
of the global total, and achieving carbon neutrality has become a common challenge faced by the automotive 
industry. Automobile lightweighting is an important technological path to achieve energy conservation and con-
sumption reduction, as well as to achieve the “dual carbon” goals. According to the research results of the World 
Aluminum Association, reducing the curb weight of fuel vehicles by 10% can reduce fuel consumption by 6% 
-8%, reduce carbon dioxide emissions by 13%, reduce the curb weight of electric vehicles by 10%, and increase 
the range by 5%-6% [1]. Therefore, automotive lightweight technology has become the only way and develop-
ment direction for reducing energy consumption in automobiles.

Due to the significant reduction in oil consumption and environmental pollution caused by new energy vehi-
cles, they will inevitably become a benchmark in the future automotive industry and a strategic pivot for China’s 
economic development. The research content of this article is electric vehicles and electric vehicle lightweight 
technology. Electric vehicle lightweight refers to the use of lightweight materials, structural optimization, ad-
vanced technology, and other methods to reduce the curb weight of electric vehicles, while ensuring the driving 
safety, handling stability, riding comfort, and structural strength of the vehicle [2]. Automobile lightweighting 
not only reduces energy consumption, but also reduces adverse effects on the environment. At the same time, it 
can also normalize carbon dioxide content, making new energy vehicles an emerging strategic industry. With the 
support of the country and the continuous innovation of core technologies, new energy vehicles will inevitably 
achieve leapfrog innovative development and drive the development of other peripheral industries.
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Lightweight is a complex engineering project that requires consideration of multiple factors such as practical 
performance, stiffness, and strength when designing lightweight vehicles. On the premise of ensuring the perfor-
mance of the entire vehicle, there are generally two ways to further improve the lightweight effect: selecting ma-
terials with higher strength to achieve thinning of parts; Design more optimized and advanced body structures, 
and improve production processes to minimize the overall weight of the vehicle [3]. This article focuses on light-
weight design and explores automotive lightweight technology.

2   Related Work

Domestic and foreign scholars generally focus on the lightweight of vehicle body structural components and 
battery cladding structures. The car door is a part of the vehicle body structure. In terms of lightweight door 
structure, Yunkai Gao et al [4] constructed a joint welding car door Kriging and response surface approximation 
model, and used the Non unified Sorting Genetic Algorithm II algorithm to find the optimal solution for mass and 
sinking stiffness.

Binbin Ma et al [5] used RBF neural network approximation model method and simulated annealing optimiza-
tion algorithm to achieve lightweight of car doors while meeting the requirements of lateral stiffness and sinking 
stiffness.

Zhenfang Hou introduced mesh deformation technology into multi-objective lightweight design of car door 
structures, constructed a Kriging approximation model, and used multi-objective genetic algorithm to optimize 
the calculation of car door mass and first-order modal frequency [6].

Tuolin Fang simplified the vehicle collision model, constructed a Latin hypercube design method and a 
Response Surface Model (RSM) approximation model, considering the first-order frequency, lateral stiffness, 
sinking stiffness, and side collision conditions of the car door. Without increasing the weight of the car door, the 
optimality of each response and the robustness of the car door structure were improved [7].

Yanfen Li, using the B-pillar of the vehicle frame as a lightweight object, established a side collision simula-
tion analysis model based on side collision safety requirements and the relative position of people and vehicles. 
After analysis, it was found that the maximum deformation position of the local assembly of the body side wall 
during the side collision process was in the waist of the human body. After lightweight improvement, the intru-
sion amount was reduced from 243.6mm to 221.3mm, a decrease of 10.1% [8].

In terms of battery lightweighting, Chao Wang from Hunan University proposed a cross-sectional layout 
design method for aluminum alloy protective structures, established a simulation model of aluminum alloy pro-
tective beams, and carried out topology optimization. The two optimized aluminum alloy protective structure 
schemes reduced weight by 59.6% and 46.8% respectively compared to the original steel structure scheme, and 
the intrusion amount of battery modules met the requirements [9].

Jinliang Jiang established a finite element model of the frame of an electric commercial vehicle as the research 
object, and used structural design methods to redesign the longitudinal beam structure of the frame. The thick-
ness of the longitudinal beam and crossbeam of the frame was used as design variables, and the maximum dis-
placement of the loading point under bending conditions was used as constraint conditions at the first mode fre-
quency. The objective function was to minimize the frame mass. The analysis results showed that the improved 
frame mass reduced by 174.40 kg (27.60%), achieving lightweight while ensuring the safety performance of the 
frame [10].

Zuoxuan Li from Beijing Institute of Technology, in order to meet the requirements of multi condition use, 
high maneuverability, and low-cost development of vehicles, adopts the idea of multi condition correlation de-
sign and lightweight optimization to optimize the structure of the vehicle truss body. Considering the large num-
ber of design variables and design space in multi working condition vehicle body structure design, and facing 
the problem of excessive simulation times, a lightweight optimization method for vehicle body structure based 
on multi working condition correlation is proposed. The design space is reduced by using design variable inter-
val reduction strategy, and Gaussian process surrogate model replacement simulation analysis is introduced to 
achieve rapid evaluation of structural design scheme performance. Genetic algorithm is combined to optimize the 
scheme. The experimental results show that the final optimized scheme, after being validated through multidis-
ciplinary performance simulations such as vehicle stiffness, strength, and modal, reduces mass by 14.12% com-
pared to the initial scheme and 8.87% compared to the scheme optimized using only Gaussian processes [11].

Changyu Li, in order to reduce the weight of the white body of a certain SUV model, established its three-di-
mensional digital model and obtained its finite element model through mesh division processing. Dynamic and 
static analyses were conducted on the above model, and the first six natural frequencies and stiffness values were 
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obtained. Based on the obtained natural frequency and stiffness values, a single objective size optimization meth-
od is adopted to reduce the weight of the white body, and the optimized results are compared with those before 
optimization. The results show that by optimizing the body in white, weight reduction is 23 1kg, with a weight 
loss ratio of 5.31%. And it ensures that the modal frequency and stiffness values are within the range required 
by the body design, achieving weight reduction without compromising the safety performance of the white body 
[12].

Pengxing Wu from Guilin University of Electronic Science and Technology used SFE-CONCEPT software to 
establish an implicit parameterized model of the white body of a commercial vehicle cab, and conducted static 
analysis of free modes and six typical working conditions. At the same time, an automatic analysis and optimiza-
tion process is established. For 60 thickness, cross-sectional shape, and component displacement variable factors, 
the optimized design variable factors are selected through sensitivity analysis. The target response is quality and 
the maximum stress of 6 typical working conditions. A second-order response surface approximation model is 
fitted and accuracy verification is carried out. Using the second-generation non dominated sorting genetic algo-
rithm (NSGA-II) to optimize the solution of the established approximate model and obtain the frontier optimal 
solution. The optimized white body model of the driver’s cab has achieved a weight reduction of 16.9 kg and a 
lightweight rate of 5.49%, while ensuring reliable strength and modal performance, achieving a good lightweight 
effect [13].

In the field of new energy vehicles, integrated die-casting technology has begun to rise. Generally, we divide 
the body of the vehicle into two main parts, namely the body structural parts and the body cover parts. The light-
weight technology of the body structural parts has been unprecedentedly improved with the improvement of inte-
grated die-casting technology. The body covering parts mainly include “four doors and two covers”, namely the 
car door and the front and rear machine top covers. The mechanism of the machine top cover is relatively simple 
and the material is relatively single. Therefore, the research object of this article is the lightweight technical ap-
proach of new energy vehicle doors, mainly completing the new structural design and optimization of the door to 
adapt to the die casting process. High quality aluminum alloy doors are obtained through the working character-
istics of “high pressure and high flow rate” by pressure casting. Then, a mathematical model of the door is estab-
lished to improve the design of the door structure. Based on this, the door structure is optimized according to the 
requirements of mechanical properties, and the optimized parameters of the door die casting are obtained as the 
main means of door lightweight.

Therefore, the work done in this article is as follows:
1) Firstly, based on the materials used for lightweight car doors, establish an analysis model for the car door, 

which includes a lightweight model and a stiffness model, and use this to conduct analysis.
2) Based on the established model, a structural topology optimization analysis was conducted on the car door, 

and a structural optimization model was established, which includes all parameters that determine the quality and 
weight of the car door.

3) Use improved Bayesian and TabNet algorithms to solve multiple parameters of the optimization model and 
obtain the optimal solution.

The main results of the article are as follows: Chapter 1 is the introduction section, which introduces the re-
search background of this article; Chapter 2 is the relevant research results, summarizing the current research 
status of vehicle body lightweighting and the lightweighting methods adopted by researchers; Chapter 3 is the 
establishment and analysis process of vehicle door lightweighting model, which establishes a parameter model 
containing multiple optimization objectives; Chapter 4 is the optimization process, which establishes an optimi-
zation strategy based on artificial intelligence algorithms, uses improved Bayesian optimization algorithms and 
TabNet deep learning algorithms to solve the optimal solution of the optimal parameters; Chapter 5 establishes 
a simulation experimental environment, provides simulation optimization results to verify the scientificity of the 
method; Chapter 6 is the conclusion section, which summarizes the research innovation of this article. Point out 
and explain the shortcomings in the research process, At the same time, prospects for further research directions 
in the future were also presented.

3   Establishment of A Lightweight Model for Car Doors

The integrated door is a key component of the vehicle body cover, and the model structure of the door is shown 
in Fig. 1. Its structural design not only needs to meet the requirements of casting individual performance and 
manufacturing process, but also needs to consider the coupling effect between components and their impact on 
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the performance of the entire vehicle body system. The door material selected for the integrated molding of the 
car door is ZL201A, and its material performance parameters are shown in Table 1.

Fig. 1. Car door model

Table 1. Door material performance parameters

Stretching rate Poisson’s ratio Elastic modulus Density Tensile strength

8%≥ 0.33 69GPa 32800 /Kg m 390MPa≥

Before establishing the finite element model of the car door, it is necessary to establish a three-dimensional 
model of the car door. Without changing the boundary conditions of the car door, a three-dimensional model of 
an integrated aluminum door was established. The number of components in the aluminum model was signifi-
cantly reduced, from 18 components in the steel model to 3. Compared to steel doors, aluminum doors eliminate 
multiple welding, riveting, or adhesive processes, making them simpler and easier to install. The discretization 
of the car door using shell elements can more accurately and efficiently simulate the mechanical characteristics 
of the car door, while improving computational efficiency and saving modeling time. Construct a finite element 
model of the car door structural shell element in the software SolidWorks [14], considering the accuracy of sim-
ulation results, and simulate the welding points using RIGID elements. The material density of aluminum car 
doors is 2800kg/m3, with an elastic modulus of 69GPa and a Poisson’s ratio of 0.33.

3.1   Door Stiffness Model 

After preliminary design, the model contains a large number of unit grids, and the performance analysis using the 
vehicle body system model is time-consuming. Therefore, the model structure is subjected to row reduction mod-
eling and analysis. The car door system is a continuous structure, and the schematic diagram of the continuous 
structure is shown in Fig. 2.
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The model object does not have inherent boundaries. This article proposes the principle of subsystem parti-
tioning for continuum models to support further partitioning and reduction of vehicle subsystems. For a contin-
uous structure with approximately equal cross-sections, it is assumed that the continuous structure is composed 
of a continuous body and a joint surface in series. The principles for subsystem partitioning are as follows: 1) 
Minimize the number of boundary nodes of the hyperelement as much as possible to achieve efficient reduction 
of the degrees of freedom of the hyperelement model; 2) Divide in an area with approximately equal cross-sec-
tions, where the joint surface is equivalent to a rigid element and the thickness of the joint surface is close to or 
equal to zero.

Fig. 2. The structural principle of continuous structures

The model object does not have inherent boundaries, so it is assumed that the continuous structure is com-
posed of a continuum and a junction surface connected in series. The comprehensive stiffness of the structure of 
the car door is expressed as:
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                                                         (1)

In the formula, zK  is the comprehensive stiffness of the car door, jK  is the equivalent stiffness of the car 

door joint surface, and lK  and rK  are the stiffness of the continuum on both sides of the joint surface. According 
to the principle of equal strain energy, the equivalent stiffness K  of the joint surface and continuum can be ex-
pressed using the following formula:
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In the formula, S  is the cross-sectional area, h  is the thickness, and  E  is the elastic modulus. By organizing 
Formula 1, it can be concluded that:
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In order to facilitate the establishment of an accurate car door model, it is necessary to divide the car door 
structure area. When dividing the car door structure area, it is necessary to divide it in an area with approximate-
ly equal cross-sections. The joint surface is equivalent to a rigid element, and the thickness of the joint surface 
is close to or equal to zero. Therefore, the car doors are divided into inner door panels, outer door panels, and 
window frames [15]. To visualize the results of the door structure hyperelement model and read the information 
of key nodes, the boundary points, working condition loading points, and measurement points are sequentially 
connected and output results through PLOT elements. The finite element model of the final aluminum alloy car 
door is established as shown in Fig. 3.
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Fig. 3. Finite element model of car door

The number of outer door panel units is 167862, the number of inner door panel units is 97897, and the 
number of door and window frame units is 52332, which meets the modeling requirements. The model mass 
is 12.02kg. The window frame and inner panel of the cast aluminum car door form an integrated model of the 
window frame and inner panel through common nodes. Set adhesive surfaces at the edges of the inner plate, set 
5 bolt connection bosses around the inner plate, and set 5 bolt connection surfaces at corresponding positions on 
the outer plate. The inner and outer panels are assembled through a combination of bolt connections and adhesive 
bonding.

3.2   Door Stiffness Analysis

The stiffness analysis of car doors mainly includes vertical stiffness analysis and torsional stiffness analysis. The 
vertical stiffness of the car door refers to the deformation ability of the car door to resist its own gravity and ver-
tical load, which directly affects the gap size between the car door and the side wall components. During vehicle 
operation, the vertical stiffness of the door can effectively prevent excessive vibration and deformation caused by 
factors such as wind and road bumps, thereby improving the sealing and safety of the door. The vertical stiffness 
of car doors can usually be measured and evaluated through simulation or experimental testing. In the vertical 
stiffness condition, apply a sinking force of 900 N to the position of the door lock by constraining the six degrees 
of freedom of the bolt holes on the upper and lower hinges of the car door and the vertical degrees of freedom 
of the door lock position, namely the Z-axis rotational degrees of freedom. The direction of this force is vertical 
downward.

The stiffness of the car door determines the sealing and noise issues of the entire vehicle. According to the na-
tional standard GB15743-1995, when the car door is closed, a vertical downward load of 800N is applied to the 
lock cylinder position of the car door. The hinge mounting hole is fully constrained. The relevant settings in finite 
element analysis are shown in Table 2.

Table 2. Load situation

Working condition Constraint load
Vertical stiffness analysis 0iDOF = 800N

Post process the solved results in SolidWorks to obtain the vehicle displacement under vertical stiffness condi-
tions, as shown in Fig. 4.
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Fig. 4. Vehicle displacement model

After measurement, the vertical deformation at the position of the lock cylinder is 2.82mm. According to the 
calculation formula of the vertical stiffness cK  of the car door:

.s
c

s

F
K

S
=                                                                            (4)

In the formula, cF  represents the load at the lock core, and sS  represents the deformation at the lock core. 
After modeling and analysis, the deformation at the lock core is 2.07.

When the car door is closed, it is mainly constrained by the upper and lower hinges and the door lock, and 
over time, the car door will undergo asymmetric torsional deformation. This torsional deformation will have irre-
versible effects on the appearance and sealing of the car door [16]. 

The torsional stiffness of a car door refers to the resistance generated when the car door undergoes torsional 
deformation in its plane. When the car door is closed, its surface and interior may withstand forces and vibrations 
from vehicle movement and external environment. A higher torsional stiffness of the car door can effectively pre-
vent excessive twisting during driving, thereby maintaining the stability and sealing of the car door. In addition, 
higher door torsional stiffness can also improve the safety of the vehicle and reduce the deformation and damage 
of the door in the event of a collision. In the upper torsional stiffness condition, apply a 900N vertical upper tor-
sional force to the lower rear position of the window frame, with 6 degrees of freedom constraining the bolt hole 
positions of the upper and lower hinges of the car door and 3 degrees of translational freedom of the door lock 
position. The direction of this force is from the inner door panel to the outer panel.

Therefore, in the car door design stage, it is necessary to analyze the torsional stiffness of the car door to en-
sure that it has high initial torsional resistance characteristics. Using the same method, the values for setting the 
torsional stiffness of the car door are shown in Table 3.

Table 3. Load situation

Working condition Numerical value Enterprise limits Result
Torsional stiffness 1.739 6≤ Qualified

4   Establishment of A Lightweight Model for Car Doors

The optimal Latin hypercube experimental design is based on the improvement of Latin hypercube [17], which 
can ensure that the occurrence of different levels of each treatment factor is equal, ensure a more balanced sam-
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ple, reduce errors, improve experimental accuracy, and better explore the interaction between treatment factors 
while ensuring reliable experimental results, thereby improving experimental efficiency and accuracy. The Latin 
hypercube design and optimal Latin hypercube design sample point sampling are shown in Fig. 5.

Fig. 5. Optimal Latin hypercube design sample point sampling

In order to obtain better structural parameters of the car door, the Latin hypercube sampling algorithm is used 
to perform multi-objective optimization on the geometric parameters of the constructed car door stiffness model. 
While ensuring the randomness of the samples, it can also avoid the occurrence of excessive redundancy in the 
samples. The specific steps include layering, sampling, and reordering.

1) Determine the number of samples to be extracted N  and the dimension to be extracted  D ;
2) Divide each dimension into  N  equal parts and obtain  N  values, denoted as 1V , 2V ,



, NV .

3) For the first dimension, randomly select a number from 1V , 2V ,


, NV  as the first sample value, and then 
remove it from the list;

4) For the second dimension, randomly select another number from the column that removes the first sample 
as the value of the second sample, and repeat this operation until the value of the D -th dimension is extracted.

5) Finally, the obtained samples are arranged in columns to form a matrix of rows and columns, denoted as the 
Latin hypercube sample matrix.

The main idea of this algorithm is to stratify the probability distribution, with the aim of recreating the proba-
bility distribution with fewer samples. The advantage of achieving the same results as a large number of random 
samples with fewer sampling times is that the sampling range is uniform and there is no obvious clustering phe-
nomenon. Each layer of samples is forcibly extracted, and by maximizing the layering of each edge distribution, 
it ensures full coverage within a variable range, which can reflect the comprehensiveness of the sample results. 
For situations with multiple variables and complex sampling environments, the sampling efficiency will be sig-
nificantly improved. Therefore, the multi-objective optimization problem of car door structure is described as:
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                                                          (5)

This plan uses the Latin hypercube algorithm to extract 200 sets of data from 5 optimization variables, with 
200 sample points. The corresponding cogging torque and torque ripple size for each sample point are calculated, 
and the optimal parameters are selected.
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4.1   Model of Car Doors

Taking the redesigned cast aluminum door as a deterministic optimization objective, the thickness of the inner 
panel 1T , outer panel 2T , door and window frame 3T , door lock installation surface 4T , and door hinge installa-

tion surface 5T  are design variables, with a thickness range of 1-3 millimeters.
Radial Basis Function (RBF) [18] neural network is a method of obtaining unknown function values by fitting 

discrete multivariate data. The radial basis function depends on the value function of the distance between the 
fixed value node and the coordinate origin. Simply put, it is necessary to define a fixed value node and determine 
the horizontal and vertical distance between the node and the coordinate origin; Secondly, using the obtained val-
ues as reference standards, measure the horizontal and vertical distances between other nodes and the coordinate 
origin; Then compare the measured values with the standard values. If the two are equal, the node and the origi-
nal node are classified together. Finally, use the obtained node to define a function expression, which is the radial 
basis function. Under the condition that the grid space coverage does not change, the more node parameters that 
satisfy the same radial basis function expression, the stronger the capacity of the function condition to accom-
modate data information samples. Considering the diversity of data information sample sources, when solving 
the radial basis function expression, it is required that the position of the defined node and the coordinate origin 
cannot move.

RBE elements are established at the cross-section of the submodel, with interface nodes as RBE slaves and 
cavity centroids as the main points; The main points of the RBE units corresponding to each section of the two 
sub models are re stitched together through a common node to form a zero thickness joint surface. At this point, 
the main points of the RBE can be regarded as boundary nodes of the two sub models. In the RBF neural network 
model, if there is a set of known input values 1 2 3, , , , m

mx x x x A R∈ ⊂ , the output value of the design variable 

response is 1 2, , , Ny y y R⊂ , and the difference model ( )I x  of the unknown point is approximately estimated. 
The representation method is:

( ) ( ) 1
1

.
M

i i M
i

I x f xλ λ +
=

= +∑                                                               (6)

In the formula, jλ  is the difference coefficient of the radial basis function, and the process of solving the coef-
ficient is as follows:
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In the formula, ( )if x  represents a set of radial basis functions. The representation method is as follows:

( )1/( ) .c
i if x f x x= −                                                                   (9)

c  is the spline shape parameter.

4.2   An Approximate Model for Optimizing Response Surface of Car Doors

In the optimization process of car doors, there are multiple optimization objectives, so the optimization model 
should have the ability to model and effectively analyze multiple variables. Therefore, based on regression fitting 
and response surface drawing of the entire process, it is more convenient to obtain the corresponding response 
values of each factor level. The polynomial representation is as follows:
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( ) 2
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In the formula, jT  is the polynomial coefficient, jx  is the design variable, and  m  is the variable coefficient. 
Therefore, using the car door thickness and stiffness obtained in the previous section as model variables, a qua-
dratic polynomial is established as follows:

1 2 3 4 5
2 2 2 2 2

1 2 3 4 5

1 2 1 3 1 4 1 5

2 3 2 4 2 5

0.08979 1.7682 0.3656 2.0981 0.03981 0.01982

0.00103 0.0012 0.00202 0.0019 0.0017
1.00137 0.00321 0.0912 0.09821
0.0901 0.00801 0.0011 .
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1 2 3 4 5
2 2 2 2 2

1 2 3 4 5

1 2 1 3 1 4 1 5

2 3 2 4 2 5

28.9082 2.7821 0.5026 0.1211 2.03981 5.01982

0.20103 0.0412 0.00202 0.1024 0.3017
0.0216 0.5032 0.0612 0.03811
0.0301 0.208 0.021 .
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T T T T T T
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In the formula,  m  represents the mass of the car door, zk  represents the comprehensive stiffness of the car 

door, 1T  represents the thickness of the inner panel, 2T  represents the thickness of the outer panel, 3T  represents 

the thickness of the window frame, 4T  represents the thickness of the door lock installation surface, and 5T  rep-
resents the thickness of the door hinge installation surface. The above is an approximate model of the car door, 
As shown in Fig. 6.

Fig. 6. Classification of door thickness

4.3   Establishment of an Optimization Model for Car Doors

For lightweight car doors, the most ideal result of optimization is to improve the modal and stiffness performance 
of the doors while reducing weight. Optimizing experimental design is essentially a multi-objective optimi-
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zation problem, as it typically involves optimizing multiple indicators such as quality, stiffness, hardness, etc. 
Considering the performance of the car door structure and the coupling effect with other components, this section 
conducts multi-objective topology optimization of the car door working conditions to guide structural design. 
The car door design process involves the thickness of various parts of the car door, the stiffness of each structure, 
and the corresponding processing procedures and working conditions for each target. Therefore, in the optimiza-
tion process, the compromise programming method is adopted as the optimization method in this article, and the 
optimization mathematical model is shown in the following equation:

( ) ( )
1/

min

max min1
min : .l g g

gg
g g

s
s q

ωω

ω θ θ
θ

θ θ=

  −
 =   −   
∑                                              (13)

( )1, , T
nθ θ θ=   - the design variable,  n  is the total number of units;

l -The total number of stiffness working conditions;

gq - The weight of the g -th working condition;
ω - Punishment factor;

( )g sθ - The flexibility objective function for the  k -th working condition;

min
gθ , max

gθ  represents the maximum and minimum values of the flexibility objective function for the k -th 
working condition. Among them, it is necessary to handle the equivalent static load conditions of collisions. This 
article uses the reciprocal of weighted eigenvalues to define the modal condition optimization problem, and ob-
tains a dynamic condition topology optimization mathematical model with the goal of minimizing the reciprocal 
of weighted eigenvalues:
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jµ -eigenvalues of the j -th mode;
B - weight coefficient.

4.4   Lightweight Solution for Car Doors

In order to determine the weight coefficients under various operating conditions, an improved algorithm combin-
ing Bayesian optimization algorithm [19] and TabNet deep learning algorithm [20] was used to solve the param-
eters and weight coefficients of the target model. For the convenience of description, in the following content, the 
algorithm is referred to as the iBS TabNet algorithm.

The Bayesian optimization algorithm uses past evaluation results to establish a probability model that reflects 
the probability distribution of hyperparameters on the objective function, which is used to guide the next param-
eter selection and avoid wasting a lot of time and computational resources on unnecessary sampling points. The 
optimization process mainly includes two aspects. One is the Gaussian process, which represents the distribution 
assumption of the optimized function and outputs the mean and variance of the Gaussian distribution; The sec-
ond is the collection function, which is used to construct the utility function in the posterior distribution of the 
model.

The TabNet algorithm is based on the decision manifold of neural networks and can be regarded as a forward 
additive model. The model is constructed based on multiple repeated decision structures, each of which includes 
an attention converter layer, a mask layer, a feature converter layer, a splitting layer, and an activation function 
Re LU  layer. Each step is sequentially connected to form an additive model The input data for each step is first 
normalized in batches through the regularization layer, followed by feature processing in the feature converter 
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layer. Then, the splitting layer divides the data into two subsets, one of which is processed through the activation 
function Re LU  layer as the output of the current step, and the other subset is used as the input for the next step. 
After receiving the processed data, each step is first subjected to feature filtering through the attention conver-
sion layer and mask layer, and then the aforementioned data processing operation is repeated through the feature 
converter layer to complete feature processing. Finally, the output of each step is summed up as the final output 
result. The principle flowchart of using iBS-TabNet for solving is shown in Fig. 7.

Fig. 7. Algorithm optimization process

After the above analysis, this article has established a car door simulation model and a car door optimization 
model, and established an algorithm for car door optimization. Through algorithm optimization, the lightweight 
parameters of the car door can be obtained. In the next chapter, use simulation to verify and provide optimized 
results.

5   Simulation Experiments and Result Analysis

For the optimization of the car door, the optimization object is first determined. After the analysis in Section 
4, the thickness of the inner plate 1T , the thickness of the outer plate 2T , the thickness of the door and window 

frame 3T , the thickness of the door lock installation surface 4T , and the thickness of the door hinge installation 

surface 5T  are the design variables, the first-order free mode frequency 1f  and the second-order free mode fre-

quency 2f  of the optimization function, the displacement 1d  of the sinking stiffness condition, and the displace-
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ment 2d  of the torsional stiffness condition are selected as the optimization objects. At the same time, the weight 
of the car door is added as the optimization object. The initial values of each optimization object are shown in 
Table 4.

Table 4. Optimization objectives and initial values

Parameter Initial value Parameter Initial value

1T 0.8 (mm) 1f 48.09Hz

2T 1.3 (mm) 2f 76.28Hz

3T 0.67 (mm) 1d 4.307 (mm)

4T 0.68 (mm) 2d 2.398 (mm)

5T 1.75 (mm) m 17.9kg

Using an improved algorithm to solve the optimization results, firstly, in order to demonstrate the advantages 
of the proposed improved algorithm, the running situation of the algorithm is analyzed. The hardware environ-
ment of the algorithm is arranged as follows: the iteration cycle is 1000, and the number of waiting rounds for 
early stopping is 50 to prevent overfitting of the model; The training equipment is GPU; The number of worker 
threads during data loading is 8; The Adamax optimizer is used as the minimum loss function for adjusting mod-
el parameters, and the operating system is Windous11. The convergence effect of the algorithm is shown in Fig. 
8.

Fig. 8. Algorithm iteration times

From the graph, it can be seen that the population tends to explore the optimal fitness during the iteration 
process. It can be seen that after 1000 iterations, the average fitness of the algorithm’s population has already 
reached the position of the best fitness of the population. The improved iBS-TabNet optimization algorithm ac-
tively explores other directions after finding the optimal solution, effectively avoiding getting stuck in local op-
tima and finding other better solutions. After algorithmic solving, the optimization objective of the car door was 
obtained, and the results are shown in Table 5.

Table 5. Parameter optimization results

Parameter Initial value iBS-TabNet Parameter Initial value iBS-TabNet
1T 0.8 (mm) 3.296mm

1f 48.09Hz 47.99Hz

2T 1.3 (mm) 2.000mm
2f 76.28Hz 63.29Hz
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3T 0.67 (mm) 1.980mm
1d 4.307 (mm) 1.523mm

4T 0.68 (mm) 4.003mm
2d 2.398 (mm) 0.939mm

5T 1.75 (mm) 3.987mm m 17.9kg 14.498kg

Simulate and verify the thickness parameters of the RBF model after reliability optimization. At this time, the 
thickness of each part of the car door is 1T = 3.296mm, 2T = 2.0000mm, 3T = 1.980mm, 4T = 4.003mm, and 5T
=3.987mm. Based on the reliability optimization results, plot the Plane function fitting curves of the car door 
mass m  with the inner panel thickness 1T  and outer panel thickness 2T , as well as the Plane function fitting 

curves of the car door sinking stiffness working condition displacement 1d  with the door lock installation surface 

thickness 4T  and hinge installation surface thickness 5T , as shown in Fig. 9.

Fig. 9. Diagram of the relationship between weight and thickness of car doors

The fitting curve relationship between the sinking condition and the thickness of the car door is shown in Fig. 
10.

Fig. 10. Fitting curve between sinking condition and thickness
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After optimization, the distribution pattern of various thicknesses of the car door was obtained, and the sche-
matic diagram of the local thickness distribution of the car door is shown in Fig. 11.

Fig. 11. Door thickness distribution

From the results in Fig. 11 and Table 5, it can be seen that the design scheme with medium thickness has been 
transformed into an engineering scheme with variable thickness, and all performances have been validated using 
finite element models. It can be found that:

1) Compared with before thickness optimization, the performance that did not meet the standards, such as 
second-order bending mode, static stiffness of door and window frame suspension points, and maximum equiva-
lent static load force of section C, were all met after thickness optimization, and a weight reduction of 0.1kg was 
achieved;

2) Compared with the initial values, the performance of the optimized thickness scheme has been improved to 
varying degrees. The second-order bending mode has been increased by 108Hz, the equivalent static load bear-
ing capacity has been increased by about 60%, and the static stiffness of the suspension point has been increased 
by about 30%. On the basis of meeting the performance goals, a weight reduction of 0.6kg has been achieved.

3) By constructing an optimization model and using the algorithm proposed in this article, the cast aluminum 
door achieved the best weight reduction effect. While ensuring that the first-order free mode frequency was 
greater than 40Hz, its mass was reduced by 19.006% compared to steel parts, and the displacement under sinking 
stiffness conditions was reduced by 64.64%. When paying more attention to the improvement effect of sinking 
stiffness, we choose to construct an RBF approximation model and optimize it with the algorithm in this paper.

6   Conclusion

After analysis, this article focuses on optimizing the doors of a certain car model. Based on the materials used 
for door lightweighting, an analysis model of the door was established, which includes a lightweight model and 
a stiffness model, and the analysis was carried out based on this. Then, based on the established model, a struc-
tural topology optimization analysis is conducted on the car door, and a structural optimization model is estab-
lished, which includes all parameters that determine the quality and weight of the car door. Finally, the improved 
Bayesian and TabNet algorithms are used to solve multiple parameters of the optimization model and obtain the 
optimal solution. The obtained optimization results can guide car companies to optimize their vehicle structure, 
thereby reducing the weight of vehicle sound and improving the range of new energy vehicles.
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Meanwhile, the further research direction of this article is the lightweight methods for the body structure and 
other attachments of the vehicle structure.

This article has conducted research on lightweight and finite element modeling of new energy vehicles. 
However, due to my limited abilities and experimental conditions, the following issues still need to be addressed:

(1) Due to limitations in experimental conditions and the actual funding situation of the research, the analysis 
in this article is based on the digital model of the frame and theoretical analysis, without conducting physical 
manufacturing and actual vehicle testing. It is basically theoretical research, lacking comparative analysis with 
actual experiments.

(2) Although it is a lightweight vehicle frame, the main research object is actually the car doors. Due to the 
complex composition and structure of the car, subsequent research should focus on lightweight research of all 
components of the vehicle body.

(3) For the optimization process of vehicle body parameters, due to the complexity and complexity of the ex-
perimental process, a series of experiments are required to obtain response values, which consumes a lot of time. 
This method still needs improvement. In addition, due to the existence of fitting errors in the fitting function of 
the constraint conditions, some parameters of the optimized frame exceed the range of the constraint conditions, 
and the fitting accuracy needs to be further improved. The solution result of nonlinear programming may not 
necessarily be the global optimal solution, and the solving algorithm still needs further research.

4) During the modeling process, the mesh refinement was carried out. Due to the complexity of the bus model, 
the mesh division work was too cumbersome, resulting in a total of millions of mesh elements. However, in the 
initial design of this article, the excessive pursuit of accuracy led to an excessive amount of mesh, which con-
sumed a considerable amount of computational resources. Therefore, the mesh elements that needed structural 
optimization can be further refined in the future, and beam elements can be directly used to simplify the roof 
frame and surrounding frame beams.
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