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Abstract The design of the metro body structure must balance both safety and cost indicators. The underframe is not only the main load-bearing component
of the metro body but also accounts a significant portion of its overall mass. To reduce operational costs and enhance the safety performance of the metro body,
this paper focuses on optimizing the design of the underframe. A two-stage optimization approach was proposed, addressing the limitation of existing methods
and the challenges in balancing realistic operating conditions with manufacturability. First, manufacturing constraints were incorporated using the variable
density method, and topology optimization of the underframe sub-model was carried out with the objective of minimizing flexibility-weighted strain energy. Next,
the rough topology was refined through parametric optimization after determining the approximate shape of the cross section, resulting in a more precise model.
The results show that the proposed optimization method reduces underframe mass by about 4.7 % while lowering the maximum deflection of the metro car
body under the maximum vertical load case by 0.601 mm. This demonstrates that the proposed framework efficiently combines optimization capabilities with

simplicity.
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Highlights

= Joint topology, size and shape were optimized for reducing performance errors in reconfigured shapes.

= Multi-case weighting strategy simplified the calculation for varied engineering conditions.

= Improvement of vertical load form, closer to the actual environment, increasing the reliability of optimization.
= The mass of the underframe was reduced by 4.7 %, and the maximum vertical displacement was reduced by 0.601 mm.

1 INTRODUCTION

Structural optimization design is an important part of the design process of
locomotive body. Based on the form the of optimization, it can be clasified
into topology optimization, size optimization, and shape optimization [1].
The rapid development of computers has created favorable conditions
for the progress of optimal design, and the theory itself has become
increasingly mature and widely applied in engineering practice [2-4].
Among these methods, topology optimization focuses on determining
the optimal material distribution within a given design domain [5].
As a powerfull tool for the initial stage of structural design, topology
optimization identifies topological configurations that represent the main
transmission paths of physical information within the structure. This
enables engineers to analyze how different shapes influence physical fields
by interpreting these results [6-8]. In recent years, the research on topology
optimization has intensified. Bai et al. [9] obtained hollow structures by the
moving deformable component method, and achieved the first explicit 3D
topology optimization for hollow structures by combining the internal and
external topological description functions. Later, multi-material topology
optimization was achieved by describing coating material distibution with
multiple level set functions [10]. Similary, Guo et al. [11] combined the
advantages of explicit and implicit topology optimization to introduce a
new method for multi-material applications. Although these developmens
mark significant progress, topology optimization still faces challenges that
limit its full implementation in engineering practice.

Size optimization, as a parametric optimization tool, treats material
dimensions as design variables [12]. Shape optimization, on the other hand,
allows for small modifiations to an existing structure to further exploit its
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mechanical performance [13,14]. Both size and shape optimization serve
as structural refinement optimization tools that fine-tune dimensions
and geometric details, thereby complementing the challenges of directly
appling topology optimization results in engineering [15,16]. In recent years,
researchers have increasingly combined these three optimization methods
to form a two- or three-stage optimization frameworks, which have proven
effective in numerous cases. For example, Tomas and Marti [17] applied
shape optimization combined with size optimization in the design of a
concrete shell, confirming the value of refinement optimization. Zhu et al.
[18] utilized topology and size optimization for lightweight wind turbine
blades design, achieving a 3 % reduction in mass. Wang et al. [19] combined
topology optimization with shape optimization to develop an optimization
algorithm for spatial steel frames with adaptable cross-section structures.
Similarly, Zhao et al. [20] proposed a topology and size optimization strategy
considering displacement, stress and stability constraints.

However, a single optimization method often cannot support
engineers in designing structures that meet engineering realities while
coping with complex environments. For this reason, researchers
have approached the problem in two main ways. On the one hand,
optimization algorithms have been refined to address specific
requirements [21-23]. On the other hand, improving a particular
algorithm is not always universally accepted, as its applicability may
be limited. Therefore, some researchers changed the method the way
optimization models impose working conditions to make the results
more practical and reliaible. Bai et al. [24] investigated the three-point
bending characteristics of a double rectangular thin-walled tube and
analyzed its crashworthiness by equating the energy characteristics
under those conditions. Sha et al. [25] proposed a multi-case topology
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optimization method adapted for robots, enabling lightweight design
while accounting for changes in robot posture. Golubin [26] derived
a first-order necessary condition for optimal solutions based on
geometrically preferred conical dyads, providng a reliable scheme
for resolving optimization conflicts in structures subject to different
working conditions. Zhu et al. [27] transformed the homogeneous
load condition of the locomotive underframe into an equivalent
centralized load condition. This approach solved the common
problem in topology optimization where low strain energy leads to
missing material in the middle region of the underframe.

Although structural optimization methods have been studied
in depth, optimization of railroad locomotives has mainly focused
on dimensions [28], materials [29] or individual components [30].
However, optimizing the entire locomotive body still presents
challenges in practical application [31,32]. In this context, this
paper proposes a two-stage optimization method to improve the
structural performance of subway car bodies. In this paper, topology
optimization serves mainly as a structural reshaping tool, while size
and shape optimization act as refinement tools. The optimization
strategy unfolds sequentially across two main stages. In the initial
stage, topology optimization performed using a variable density
approach with manufacturing constraints, targeting the minimization
of flexibility-weighted strain energy. This process yields an initial
material layout. In the second stage, this layout is refined through
parametric optimization, combining dimensional optimization (to
adjust plate thickness) and shape optimization (to refine the geometry
of corrugated plate nodes). This synergistic approach ensures
the attainment of high-performance structural solutions without
compromising manufacturability. In the topology optimization stage,
3D optimization is superior to 2D optimization in terms of material
distribution [3]. Therefore, the chassis model was discretized into
solid elements, and a multiple-case equally weighted compromise
planning method is used to simsplify the multi-objective function
problem into a single-objective function problem [33]. The model
is then reconstructed according to the topology results, with the
upper and lower bounds for size optimization defined by sensitivity
values. Finally, the cross-sectional shapes are refiened through shape
optimization. To better simulate actual engineering conditions,
vertical loads are applied incrementally as step loads toward the
middle section before size optimization. The results show that this
form of optimization method effectively reduces reconstruction error
from topology results and produces a more accurate cross-section
layout of the underframe.

2 METHODS AND MATERIALS
2.1 Topology Optimization

Topology optimization determines the optimal material distribution
that maximizes structural stiffness. Based on the material distribution
cloud diagram from the topology result, the main force transmission
path of the underframe can be determined, which in turn provides
guidance for the preliminary layout of the corrugated plate. To
further quantify the influence of the material properties on structural
stiffness, it is necessary to establish the relationship between the
material’s elastic modulus and its density. This relationship can be
expressed as a functional dependence of the elastic modulus on the
density:

E(p.)= Eyy + P! (Ey = Epi ), P, [0,1] ()
In Equation (1), p, represents the relative density of the material,
which serves as thedesign variable in topology optimization. E; is
the elastic modulus of the original material, while E,,;, is the elastic
modulus to elements that are effectively removed during optimization.
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The parameter p denotes the penalty coefficient within solid isotropic
material with penalization (SIMP) algorithm, which controls the
material removal rate, defined as p €(1,5]. Generally, larger values of
p enhance the suppression of intermediate densities, which makes the
material distribution closer to a clear 0-1 (void-solid) state. However,
excessively high penalty values can substantially increase the burden
of computation.Therefore, in practical engineering applications, p=3
is most commonly adopted [5].

In multi-stiffness optimization, the optimal topology varies across
different working conditions. Since real engineering applications
must withstand multiple load conditions, combining these conditions
yields results that are more representative of practical performance.
In this paper, we establish a mathematical model for multi-stiffness
topology optimization and implement it in OptiStruct using a custom
function. By applying the compromise planning method, the multi-
objective problem is transformed into a single-objective problem,
enabling a balanced and computationally efficient solution.

1

C(p)= iwf(Mjp : @

max min
k=1 Ck - Ck

In Equation (2), p is the design variable, C(p) objective function
defined by compliance, m total number of conditions, w; weighted
compliance value of the kth working condition. Since stiffness
maximization is typically equivalent to the compliance minimization,
this formulation is standard in structural optimization. Notation
p is the penalty coefficient, and Cy(p) represent a compliance
function, and C;™ and C™ are the maximum and minimum values,
respectively.

In addition, minimum and maximum member size constraints are
considered in the optimization process to prevent occurrence of free
cells and excesive material accumulation. The minimum member size
constraint is enforced through the density filtering function, ensuring
that structural features remain manufacturable and mechanically
meaningful.

p; = Zg%l)(a:;l])/, ;= rnax(O, Trnin —"xi - xj."), (3)
JeQ(i)

where p, is the filtered design variable, p; original material density,
wy weight coefficient, and Q(i) neighborhood centered on cell i with
radius r, where r;, coresponds to the minimum member size radius.

The maximum member size constraint is enforced using inverse
density filtering, ensuring that overly large structural members do not
form during the optimization process.

B, = 1— Zieﬂ(i)wif (1 - p/)
Zisﬁ(i)a)if
At this point 7, is the maximum size radius. In summary, the

mathematical model for the subway underframe section based on the
compromise planning method can be expressed as follows:
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In the above formula, V; is volume of the jth cell, ¥, maximum
volume in the design space of the model, and s.t. the constraint”,
while 7 is a total number of units in the design domain. In this paper,
the volume fraction was used as the constraint.

2.2 Plate Thickness Size Optimization

Sensitivity analysis is an analytical method used to investigate
how sensitive a system’s response is to changes in model parameters,
arising either from variations in operating states or from internal
modification of the model itself. The response sensitivity with respect
to a design variable can be expressed as follows:

[K}u}={Pp}. )
Taking partial derivatives on both sides of the above equation,
respectively.

6[K]{ } [ ] } { } (6)

Vector U partial derlvatlves.

Y ey [@_L“]{U}} ™

ox; ox, ox,

i

In Equation (7), 6{U} / Ox, represents the sensitivity of the
objective function with respect to the design variable x;. In this
paper, the traditional approach to sensitivity analysis is adopted,
while also considering the setting of constraint objectives during size
optimization. Accordingly, both displacement sensitivity and mass
sensitivity are selected as the primary reference sensitivity values in
the analysis.

Based on the determined layout of the corrugated plate cross-
section, the chassis section was further refined by optimizing the
cross-sectional area of the reinforcing plate. Bending resistance is
one of the key criteria for evaluating vehicle structural performance;
therefore displacement parameters of the model are considered in the
optimization process of this paper. The specific optimization model is
formulated as follows:

find: X= {x1,x5,....X15},

min: Uy, =minu(d),

S.t.t Xpmin <X <Xmax»

Omax—90 MPa<0,

Zmassx[ —1.1mass, <0,

i=1
where X is the design variable, Uj;,, maximum displacement of the
model node, u(d) displacement vector, X, ¥max Upper and lower
limits of the thickness of the reinforcing plate, 6,,,, maximum stress
under the constraints of the model, mass,; mass of the i design
variable, and mass, mass of the current structural model.

It was worth noting that, according to the EN 12663:2010 standard
[34], the factor of safety for the yield strength of the body material
must exceed 1.5. However, since this study focuses specifically
on the underframe, more conservative stress constraints as well as
higher mass redundancy are adopted. Section 2.3 adheres to the same
constraint rules for constraints, maintaining consistency across the
design process.

2.3 Shape Optimization

Shape optimization integrates geometric modeling, structural
analysis and optimization [35]. It is an optimization design technique
that refines structural boundaries or shapes by adjusting the node
positions of the finite element model. Once the underframe cross-
section structure is determinded, shape optimization can be applied to
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make localized structural distribution adjustments of the corrugated
reinforcing plate. These refinements enhace the structural stiffness
or strength while ensuring compliance with the principle of stiffness
coordination. The specific optimization model is defined as follows:

find: S:(sl,sz,...,szg)T,

min: Ugjq,.=minr(d),

s.t.: S, <S;<S),

Omax— 60 MPa<0,

Zmassﬂ. —1.1mass_ <0,

i=1
where S is the design variable representing shape optimization
control displacement matrix, Uq,, maximum displacement of the
model node, r(d) displacement vector, S, S; upper and lower limits
of the node displacement of the reinforcing plate, o,,,, maximum
stress under the constraints of the model, and mass,; mass of the i
design variable. mass.; is the mass of the current structural model.

2.4 Subway Underframe Section Status

The research object of this paper was the head section of a specific
subway model, focusing on the original underframe cross-section
structure, as shown in Fig. 1c. The body structure consist of large
cross-section aluminum profiles combined with plate welding,
while the underframe is made of aluminum alloy 6005A-T6.
The 6000-series aluminum alloys are known for their excellent
bending performance and are widely applied in the manufacturing
of complex extruded parts. After finite element simplification, the
main dimensions of the chassis were defined as follows: excluding
the side beams, the transverse width of the chassis is 2500 mm, five
corrugated plates are overlapped, each with a thickness of 2.5 mm,
and the surface plate thickness is 2.8 mm.

Passengers in a train are in direct contact with the floor, which was
subjected to vertical loads.The bending stiffness of the underframe is
therefore a key criterion for evaluating the safety of the locomotive.
During the process of structural optimization, the maximum
displacement of the model can seve as a reference parameter, or it can
be defined directly as both a target and a constraint condition.

In the optimization process, the boundary conditions can be
defined with reference to the operating conditions of the metro body.
In this paper, the operating conditions of the metro were established
in accordance with [34], taking into account the calculation standards
and detailes outlined in Section 2.5.

2.5 Load Conditions

The cross-section of the selected metro underframe is a hollow
aluminum alloy plate with a corrugated structure, divided into five
overlapping segments. This configuration provides good ductility,
low weight, and high impact resistance. To ensure that the simulated
load conditions closely reflect actual engineering scenarios and to
improve the accuracy of load path calculation, four static strength
conditions were selected: maximum vertical load, longitudinal tensile
load, longitudinal compressive load and torsion load .

Table 1.  The reference load case of the subway

Conditions Load case description Load

LCO1 Maintenance mass and maximum overload g X (m+my)
LC02 Compression condition 1200 kN
LCO3 Tensile condition 960 kN

LCO04 Torsional condition 40 kNm

g is gravitational acceleration; 72, car body weight, and
my passenger mass in overloaded conditions
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Fig. 1. Metro underframe structure and design domains; a) metro car body structure diagram, b) underframe structure diagram, c) underframe side beams, and d) underframe design domains

As presented in Fig. 1, the design domain represents the primary
region for applying model loads. The constraints were imposed at
the lap joints between the side beams and the bottom frame. From
this design domain, the arrangement, shapes, and dimensions of the
corrugated plates were developed and optimized. The corresponding
optimization results and their analysis are presented in Section 3.

3 RESULTS AND DISCUSSION

The optimization process of the metro underframe cross-section was
carried out in two stages. In the first stage, topology optimization
was applied to reconfigure the layout of the cross-section corrugated
plates. In the second stage, parameterized size optimization was
performed to refine the corrugated plate thickness, while shape
optimization was conducted by adjusting the relative position of the
upper and lower nodes of the corrugated plates.

3.1 One Stage Topology Optimization and Result Analysis

Submodels were typically established by extracting submodel
boundary moments or displacements under specific operating
conditions, depending on the capabilities of the software [36,37].
However, in the case of metro bodies, the application is constrained
by the length of the body. The submodel boundary conditions of
the chassis section are only valid at the intercepted position in the
chassis, which means that the resulting topological configuration
cannot be directly applied to the entire vehicle [38].

Therefore, this paper establishes the model shown in Fig. 1d,
setting the finite element model in the design domain as a solid
element to better observe the force transfer path under loading.
According to the topology optimization rules for the metro
underframe, the volume of the topology configuration accounts for
0.3 of the design domain. At the same time, based on the compromise
planning method, equal weighting was applied, with the maximum
vertical load used as the primary working condition. Four groups of
different forms of topological configurations with different forms
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were obtained. By summarizing these four groups of configurations,
a resonstructed underframe section was derived to produce a rough
new cross-sectional shape. The advantage of this approach is that
it allows observation under different combinations of working
conditions, highlighting the common force-bearing regions, while
avoiding conflicts between conditions, e.g., combining tensile and
compressive states.

According to the optimization rules described above, the iterations
for four combined condition models converged within 54 to 67 steps.
The corresponding material layout contours and the reconstructed
model cross-section structure after convergence are shown in Fig. 2.

The topological cloud cross-section was roughly divided into three
regions, A, B, and C, according to the material retention density, and
the four topological clouds in Fig. 3 were summarized accordingly.
Region A is located near the edge beams, experiancing the largest
bending moments. As a result, the material retention density was
generally higher. However, the boundaries of the material retention
zones were diffuze, and reinforcing plates tendet to intersect. To
avoid stress concentration, this region was reconstructed with a
triangular reinforcing plate structure, connected at both ends. During
verification of the rough model, high stress concentrations were
observed at the edges, so an additional reinforcing plate was added in
the middle of the section to meet this requirement. In region C, most
of the material was removed, and a distinct topological configuration
appeared only when torsional loading carried a greater weight. Since
torsional loading is a frequent operational condition for the metro
bodies, a reinforcing plate was added to be placed in the middle of
the section to meet this requirements. Region B had a wider span
with clearer topological configuration. The force transsmition paths
were more consistent across all four combined loading conditions.
However, reinforcing plates in certain locations had significant effect
on stress and displacement. For simplification, the reiforcing plates in
B region were reduced as shown in Fig. 3 above. Finally, considering
manufacturability, the optimized underframe was divided into five
spliced segments. The lap joints relied on two parallel reinforcing
plates, with parallel edges at the overlap boundaries, as illustrated in
Fig. 3.
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Fig.2. Topological configuration and rough cross section structure ; a) maintenance mass and maximum overload & compression condition with 1200 kN; b) maintenance mass and maximum overload
& tensile condition with 960 kN, ¢) maintenance mass and maximum overload & torsional condition, and d) maintenance mass and maximum overload & compression condition with 1200 kN
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Fig. 3. Comparison of cross-section shapes of chassis; a) reconstructed section, and b) original section

3.2 Two Stage Size Optimization and Result Analysis

To comprehensively evaluate the impact of parameter changes on the
models for each part of the design variables, relative sensitivity [39,40]
was adopted in this paper as the basis for the design optimization
scheme. Relative sensitivity is defined as the ratio of displacement
sensitivity to mass sensitivity, enabling a more comprehensive
assessment of design variable sensitivity.

The maximum synthetic displacement in the computational model
was 2.991 mm, with the maximum displacement point located in the
middle of the computational model. To analyze sensitivity to plate
thickness, 9 nodes were extracted from the upper and lower surfaces
of the longitudinal section passing through this point, The initial
thickness of all plates was 2.5 mm. Finally, the calculated sensitivity
data were weighted equally. Since metro underframes are tipically

left-right symmetric structures, and the reinforcement plates follow
the same symmety, only one side of the model was considered as a
reference for optimization. On this side, 20 reinforcement plates were
present. To reduce the computational workload while maintaining
engineering relevance, these 20 reinforcing plates were categorized
into 15 component combinations according to their stress conditions.

Based on the magnitude of the absolute sensitivity values, the
degree to which Objective function 1 responds to changes in the
design variables can be determined. Therefore, taking the absolute
value of the sensitivity parameter of each component for comparison,
the 15 design variables were categorized into four categories with
similar sizes: The first category has a sensitivity range of 57 to
84. The design variable was limited to between 70 % of the initial
plate thickness and a maximum of 3 mm. The second category has
sensitivity range of 187 to 294. Compared with the first group, these
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design variables show much larger sensivitivity changes. Therefore,
their maximum plate thickness was increased from 5 mm to 6 mm.
The third category falls within a sensitivity range of 436 to 656,
which is significantly higher. For this group, the design variables
were set to 70 % of the initial plate thickness and a maximum plate
thickness of 8 mm. The fourth category shows the larger sensitivity
ranging from 941 to 1066. Taking process requirements into account,
the maximum thickness limit for this group of design variables was
further expaned to 10 mm.

Considering the engineering reality, the vertical load of the
underframe is complex. In this study, the distribution form of the
maximum vertical load was modified, and the resulting optimization
outcomes were sorted out using the mathematical expectation
method. According to the sensitivity rules, the calculated dimensions
are shown in Table 2, and the coresponding comparisons are ilustrated
in Fig. 4.

Table 2. Design variable parameters

) Opt. Opt. Opt. Expect. Ad.
Vilnaa;tgle Comp. vall?e 1 valSe 2 vaISe 3 sgrt. valde
[mm] [mm] [mm] [mm] [mm]

S5 1.75 1.75 1.88 1.79 1.80

S6 1.75 1.75 1.99 1.83 1.80

First S8 1.75 1.75 1.75 1.75 1.80
S11 1.75 1.75 1.75 1.75 1.80

§12 1.75 1.75 1.75 1.75 1.80

S2 5.58 5.43 5.00 5.34 5.50

S7 2.53 2.54 423 3.10 3.00

Second S10 2.20 4.67 6.21 4.36 4.50
S13 3.25 3.23 5.00 3.83 3.80
S15 1.75 1.75 3.01 2.17 2.00

Third S1 1.75 1.75 1.88 1.79 1.80
S14 4.74 4.67 6.21 5.21 5.00
S3 1.75 1.75 1.75 1.75 1.80
Fourth S4 1.75 1.75 1.75 1.75 1.80
S9 3.80 3.63 5.17 4.20 4.00

where Comp. stands for component, Opt. value for optimization value, Expect.
sort. for expectation sorting and Adj. value for adjustment value

tic Max. Value = 143.982

208745
% Value = 86.756

b)
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Fig. 4. Size optimization comparison chart of maximum stress; a) before size optimization, and b) after size optimization

3.3 Two Stage Shape Optimization and Result Analysis

The shape optimization technique in OptiStruct allows manual
definiton of deformation nodes to optimize the model geometry. As
shown in Fig. 5, nodes were placed at the connection between the
reinforcing plate and the upper and lower surfaces of the underframe,
reflecting the actual engineering needs. A total of 28 points of interest
were selected, where the deformation nodes were permitted to vary in
the range of +£5 mm in the y-direction.

B — +

1 — 15
Fig. 5. Positive direction and deformation point serial number

The shape optimization was performed under the original vertical
load condition, and an optimization model based on the control handle
was established. After two optimization iterations, the deformation
analysis showed that the displacement of the deformation point
occures along the y-axis. The optimal solution was reached under
the constraint that the deformation distance was limited to £5 mm.
Considering the manufacturing process requirements, the regularized
displacement and direction of the deformation points are shown in
Table 3.

Shape optimization is an effective approach to avoid local stress
concentrations and achieve locally optimal solutions. As shown in
Table 3, the displacement of each node was successfully controlled
within £5 mm. Among them, the symbols “+” and “~" denote the
node displacement directions, and this asymmetric displacement
pattern reflects the targeted adjustment of the load path. At the same
time, it could be observed that the actual displacement of most
nodes utilized only about 50 % of the allowable range, or even less.
This indicate that, after completing the size optimization stage, the
model had no obvious defects, but still retained potential for further
improvement. This outcone verifies the effectiveness of shape
optimization stage in enhancing local performance.

,2038339
“*Static Max. Value = 143.982



Table 3. Graphical representation showing the displacement and direction of deformation points

Point (up) Distance [mm] Point (down) Distance [mm]
A1 -2.6 B1 +1.8
A2 -2.2 B2 -1.7
A3 -2.3 B3 -2.5
A4 -2.3 B4 +2.6
A5 +2.3 B5 +2.4
A6 -1.7 B6 -2.5
A7 +2.1 B7 +1.3
A8 +2.3 B8 -1.3
A9 +2.5 B9 +1.9
A10 +2.5 B10 -2.1
Al1 +2.3 B11 +2.6
A12 -2.0 B12 -2.4
A13 -2.3 B13 +2.0

B14 -2.2
B15 -2.6

3.4 Optimization Results Analysis

The optimized results are summarized in Table 4, which compares
the key performance parameters of the subway car body before and
after the two-stage optimization. The evaluation focuses on three
indicators: mass, stress and maximum vertical displacement. After
optimization, the mass was reduced from 7.354 tons to 7.170 tons,
achieving a weight reduction of 0.184 tons, which significantly meets
the lightweighting objective. The maximum stress increased only
slightly, from 86.91 MPa to 87.12 MPa, a negligible change of 0.19
MPa. This value ramains far below the yield strength of 6005A-T6
aluminum alloy (> 215 MPa), thereby fully complying with the EN
12663 standard [34] requirement of a safety factor >1.5. At the same
time, the maximum vertical displacement decreased from 22.691
mm to 22.090 mm, representing an improvement of 0.601 mm.
These data fully verify the effectiveness of the proposed two-stage
optimization method, which improves both structural lightweighting
and performance enhancement while ensuring compliance with
safety standards.

Table 4. Optimize the front and rear car body performance parameters

Mass [t] Stress [MPa] Maximum vertical displacement [mm]

Front 7.354 86.91 22.691
Rear 717 87.12 22.090
Difference value 0.184 -0.19 0.601

4 CONCLUSION

This paper proposed a novel two-stage optimization method for the

subway car body underframe, based on multiple operating conditions

with a focus on both simplicity and efficiency. The optimized
results achieved a correction of 0.601 mm for the maximum
vertical displacement while satisfying all structural performances.

Additionally, the mass of underframe was reduced by 0.184 t, (4.7 %

of the mass of underframe). The following conclusions can be drawn

from the research results:

a. Traditional single-optimization approaches are unsuitable for
complex operating conditions, wheras the proposed method
effectively overcomes this limitations.

b. The layout of the corrugated plate should account for stress
concentration at the connection between the upper and lower
underframes to ensure the stability and safety of the structure.
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c. The introduction of multi-condition weighted strategies offers
a practical and efficient solution to simplify computational
complexity in multi-objective optimization.

d. The weight ratios of different working conditions significantly
influence the optimization results, Therefore, adjusting these ratios
can bring the outcomes closer to engineering reality, offerring a
promising direction for future research.
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Dvostopenjska optimizacija zasnove spodnjega okvirja metroja
na osnovi metodologije hkratne optimizacije topologije, velikosti
in oblike

Povzetek Zasnova konstrukcije karoserije metroja mora zadoScati
uravnoteZenju varnostnih in stroSkovnih kazalnikov. Spodnji okvir ni le glavni
nosilni element karoserije metroja, temve¢ predstavija tudi pomemben delez
njene skupne mase. Ta Clanek se osredotoGa na zmanjSanje obratovalnih
stroSkov in izboljSanje varnostne zmogljivosti karoserije metroja z optimizacijo
zasnove spodnjega okvirja. Predlagan je bil dvostopenjski pristop k
optimizaciji, ki nadgrajuje omejitve obstojeCih metod in obravnava izzive pri
uravnoteZenju realnih obratovalnih pogojev s tehnologi¢nostjo. Najprej so bile
v postopek vkljucene proizvodne omejitve z uporabo metode spremenljive
gostote, pri ¢emer je bila izvedena topoloSka optimizacija delnega modela
spodnjega okvirja z namenom minimizacije deformacijske energije, uteZzene
glede na proznost. Nato je bila groba topologija izboljsana s parametri¢no
optimizacijo po doloGitvi priblizne oblike prereza, kar je privedlo do
natancnejSega modela. Rezultati kaZejo, da predlagana metoda optimizacije
Zmanjsa maso spodnjega okvirja za priblizno 4,7 %, hkrati pa zmanjsa
najvecji upogibek karoserije metroja pri maksimalni navpicni obremenitvi
za 0,601 mm. To dokazuje, da predlagana metodologija ucinkovito zdruZuje
optimizacijske zmogljivosti in preprostost.

Kljuéne besede spodnji okvir metroja, optimizacija strukture, kooperativna
optimizacija, zmanjsanje mase
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