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Abstract: Rolling stock manufacturers are finding innovative structural solutions to improve the
quality and reliability of railway vehicles components. Structural optimization processes represent
an effective strategy for reducing manufacturing costs, resulting in geometries easier to design and
produce. In this framework, the present paper proposes a new methodology to design a railway
metro bogie frame, combining structural–topological optimization methods and sensitivity analysis.
In addition, manufacturing constraints were included to make the component design suitable for
production through sand-casting. A robust sensitivity analysis has highlighted the most critical load
conditions acting on the bogie frame. Its effectiveness was verified by carrying out two different
structural optimizations based on different loadings. Two equivalent designs were obtained. Com-
putational times were positively reduced by about 57%. The maximum value of stress was reduced
about 23%. This new methodology has shown encouraging results to streamline the design process of
this complex mechanical system, allowing researchers to also include manufacturing requirements.

Keywords: railway vehicles; structural optimization; topology optimization; sensitivity analysis;
manufacturing constraints; railway components; railway bogie

1. Introduction

Today, railway vehicles stand out as one of the optimal solutions for sustainable mobil-
ity, aiming to reduce air pollution generated by various types of land and non-land vehicles.
The growth of the railway sector needs to address new challenges in both vehicle design
and management. From a mechanical design perspective, one of the primary focuses is to
standardize and make complex components such as a bogie frame increasingly replicable
while allowing for easy customization based on the designer needs. This is why the use of
diverse manufacturing techniques, such as sand-casting, supported by advanced numerical
simulations, can lead to the realization of innovative and effective designs in rapid and
acceptable timeframes. The ability to have a replicable bogie frame model would result in a
significant improvement in production times, both for initial construction and in the event
of damage and the subsequent need for component replacement. To achieve these goals,
topological–structural optimization processes represent a fundamental tool supporting the
design and development phase of the system under consideration. The available litera-
ture illustrates that not many studies about optimization processes, applied on railway
vehicles’ bogie design, have been carried out. This aspect is even more accentuated for
metro vehicles, the object of the present work. Generally, topological optimization and
structural optimization processes represent effective techniques to design several classes
of components. A control arm used in automotive applications has been optimized to
reduce its mass [1,2]. A high-performance chassis design of an automotive vehicle body
has been innovated using topological optimization [3]. Similar approaches have been used
to improve the design procedure for turbomachinery components, especially if combined
with additive manufacturing techniques [4–8]. Referring to railway applications, the anchor
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bracket has been redesigned by taking advantage of a topology optimization process and
introducing composite materials [9].

Many researchers have optimized the car body oriented towards a lightweight design
process [10–12].

Size optimization and modal behavior of the car body structure have been combined
to propose a new design procedure for the car body [13,14].

A major part of the applications that involve manufacturing constraints are referred to
as general applications. A Heaviside parametrization design to obtain manufacturable cast
geometries adopting a gradient driven topology optimization approach is reported in [15].
In [16], a comparison between two casted parts designed through optimization process,
with and without manufacturing constraints, is presented. A structural optimization
approach focused on the bogie frame of a freight wagon and its bolster is described
in [17]. The objective was a mass reduction in the system. A topological optimization was
conducted using the SIMP method to maximize the stiffness of the structure. The bogie
frame of a tilting train for Korean railways has been redesigned exploiting an optimization
approach based on a microgenetic algorithm [18].

Furthermore, the literature highlights the importance of railway bogie frame life
prediction. Multibody dynamics and a finite element approach have been combined
to simulate the behavior of bogie frames under real operational service loads [19]. A
rigid–flexible coupled vehicle dynamic model has been adopted to estimate the dynamic
response acting on a high-speed train [20]. Similar approaches, applied on different types
of bogie frame, have been proposed by other researchers [21–23]. Lifetime assessment
and optimization have been applied on a welded a-type frame for a mining truck [24].
Experimental fatigue evaluation has been carried out on a metro bogie frame [25,26]. Stress
and acceleration tests on the bogie frame of a diesel multiple unit (DMU) have been
performed to clarify the reasons for fatigue cracking [27]. However, all of the proposed
techniques aimed to assess the performance of the vehicle without considering component
redesign and innovation.

In this research activity, the frame of a railway bogie used for a metropolitan vehicle
was studied to create an innovative design. A robust campaign of topological–structural
optimization was conducted on the component with the aim of achieving an appropriate
simulation setting. Two main aspects characterized the novelty of this research. The
first involved the utilization and control of technological constraints oriented towards an
innovative and potentially manufacturable design for sand-casting. This approach is yet to
be explored in the railway field, especially for critical components such as railway bogie
frames. The second innovation included the implementation of a comprehensive sensitivity
analysis to understand the most critical load conditions used for the mechanical verification
of this component. This allowed for a streamlined and focused structural optimization
based on the sensitivity analysis results. Significant reductions in computational times
were achieved. The obtained design proved to be consistent and practically identical to
that obtained through the complete simulation, fully meeting the objectives of this research
activity. In addition, improvements in terms of stress distributions and concentrations
were observed.

This paper is organized in four sections, including the introduction of Section 1.
The bogie frame used as benchmark, the proposed methodology and the main modeling
steps are described in Section 2. Section 3 reports all the results and discussions about
sensitivity analysis, structural optimization, static and fatigue structural verification and
frame redesign. Finally, in Section 4, the conclusions and future developments of the
activity are presented.

2. Materials and Methods

In this section, the methodology that was followed during the present research activity
is presented. First, a brief presentation of the metro bogie frame is reported. Then, the
structural optimization process and the sensitivity analysis approach are explained in detail.



Vehicles 2024, 6 653

2.1. Model Description: The Metro Bogie Frame

The metro bogie frame is a crucial structural component designed to support and
integrate various elements within the train undercarriage. The robust frame provides
the necessary strength, durability, and resilience required for the demanding operational
conditions of a metro system. The frame is meticulously made through precision welding
techniques, ensuring a seamless and uniform connection of steel components. However,
welded joints represent the main critical aspect of these complex mechanical systems, es-
pecially from the mechanical fatigue point of view. The frame consists of interconnected
beams, cross-members, and other geometric configurations strategically designed to dis-
tribute the load evenly across the structure. This design not only enhances the bogie
stability but also contributes to the overall safety and efficiency of the metro system. The
structure of the original bogie frame was made up with construction steel and assembled
through welding, as described above. Figure 1 illustrates a complete view of it.

Vehicles 2024, 6, FOR PEER REVIEW 3 
 

 

2. Materials and Methods 
In this section, the methodology that was followed during the present research activ-

ity is presented. First, a brief presentation of the metro bogie frame is reported. Then, the 
structural optimization process and the sensitivity analysis approach are explained in de-
tail. 

2.1. Model Description: The Metro Bogie Frame 
The metro bogie frame is a crucial structural component designed to support and 

integrate various elements within the train undercarriage. The robust frame provides the 
necessary strength, durability, and resilience required for the demanding operational con-
ditions of a metro system. The frame is meticulously made through precision welding 
techniques, ensuring a seamless and uniform connection of steel components. However, 
welded joints represent the main critical aspect of these complex mechanical systems, es-
pecially from the mechanical fatigue point of view. The frame consists of interconnected 
beams, cross-members, and other geometric configurations strategically designed to dis-
tribute the load evenly across the structure. This design not only enhances the bogie sta-
bility but also contributes to the overall safety and efficiency of the metro system. The 
structure of the original bogie frame was made up with construction steel and assembled 
through welding, as described above. Figure 1 illustrates a complete view of it. 

 
Figure 1. View of the original metro bogie frame. 

The perimeter crossbeams (green color in Figure 1) had a circular section and pro-
vided a significant contribution to the frame resistance against all torsional loads. Their 
end elements were directly welded to the main longitudinal members. The device for sup-
porting the brake components, as shown in Figure 2, consisted of an unalloyed steel ele-
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area near the primary suspension. 

Figure 1. View of the original metro bogie frame.

The perimeter crossbeams (green color in Figure 1) had a circular section and provided
a significant contribution to the frame resistance against all torsional loads. Their end ele-
ments were directly welded to the main longitudinal members. The device for supporting
the brake components, as shown in Figure 2, consisted of an unalloyed steel element that
was laterally welded to the outer surfaces of the longitudinal members in an area near the
primary suspension.
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Figure 2. View of the original braking support system.

The support for the traction link was a rotational component initially fitted onto the
longitudinal member through a hole and subsequently welded to the structure peripherally.
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It was important to highlight the hollow structure underneath the secondary suspension
housing, designed to facilitate the passage of the traction link, properly connected to the
bolster beam at the other end. The components described are clearly visible in Figure 3.
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Figure 3. View of the original traction link zone.

Other crucial elements included the support for the gearbox system, located on the
shoulder of the longitudinal beams and properly welded to its upper flange. The engine
support was positioned near the traction link. Finally, the last component essential for
understanding the force exchange is a welded element near the housing of the secondary
suspension, responsible for transmitting transverse forces from the cylinder connected to
the bolster beam (visible in Figure 1 and colored purple).

2.2. Methodology

The methodology adopted by the authors for the innovation of the present metro
bogie frame is briefly described and summed up in Figure 4. It aims to combine the
CAD environment, FE calculation and a structural optimization process which involves
technological constraints oriented to the sand-casting process. One important objective of
the activity was to create a suitable bogie frame design to produce it with a sand-casting
process. It represents a real innovation in the railway field, where this type of mechanical
system, due to its complex features, it is always made up of structural steel and assembled
through a welding process. In order to assess the performance of the final design, the
real performance of a material potentially suitable was included. In detail, the reference
material was EN-GJS-450-10, the mechanical characteristics of which can be found in [28].
The main innovative approach of this research work involved the implementation of a
robust sensitivity analysis of the loading conditions to which railway bogies are subjected.
The primary objective was to expedite the complex structural optimization processes, which
can take up to consecutive days of computational time. Secondary, the optimization process
must converge to the same topology result to confirm the effectiveness of the sensitivity
analysis. Then, two classes of optimizations were carried out to find the final design of the
bogie, comparing mass distribution and calculation time.

First, the metro bogie frame was tested numerically according to the load conditions
listed in reference standard EN 13749:2021 [29]. In detail, 20 load cases were tested,
including static and fatigue load conditions. These are listed and described in Table 1.



Vehicles 2024, 6 655

Vehicles 2024, 6, FOR PEER REVIEW 5 
 

 

material was EN-GJS-450-10, the mechanical characteristics of which can be found in [28]. 
The main innovative approach of this research work involved the implementation of a 
robust sensitivity analysis of the loading conditions to which railway bogies are subjected. 
The primary objective was to expedite the complex structural optimization processes, 
which can take up to consecutive days of computational time. Secondary, the optimization 
process must converge to the same topology result to confirm the effectiveness of the sen-
sitivity analysis. Then, two classes of optimizations were carried out to find the final de-
sign of the bogie, comparing mass distribution and calculation time. 

 
Figure 4. Main steps of the methodology. 

First, the metro bogie frame was tested numerically according to the load conditions 
listed in reference standard EN 13749:2021 [29]. In detail, 20 load cases were tested, in-
cluding static and fatigue load conditions. These are listed and described in Table 1. 

Table 1. Load case conditions. 

LC Description 
S01A Lifting on four points of the frame 

S02 Longitudinal force at the bogie pivot + vertical force on the secondary sus-
pensions 

S03 Lifting on two points of the frame (arranged diagonally) 
S04 Main loads, operative loads 

PR01 Main loads, operative loads, main systems mass 
V04 Combination of loads applied only on the main supports 
V05 Exceptional load under truck twist 

PR10 Max load on secondary suspension with constraint on three wheels  

F1 Main loads, operative loads, internal pressure of the air springs and truck 
twist combined 

F2 Main loads, operative loads, internal pressure of the air springs and truck 
twist combined 

PR02 Main loads and operative loads combined 
PR03 Main loads and operative loads combined 
PR04 Vertical inertial loads on the masses attached to the truck frame 
PR05 Vertical inertial loads on the masses attached to the truck frame 
PR06 Transversal inertial loads on the masses attached to the truck frame 
PR07 Transversal inertial loads on the masses attached to the truck frame 
PR08 Longitudinal inertial loads on the masses attached to the truck frame 
PR09 Longitudinal inertial loads on the masses attached to the truck frame 
PR11 Longitudinal lozenging forces 
PR12 Longitudinal lozenging forces 

Figure 4. Main steps of the methodology.

Table 1. Load case conditions.

LC Description

S01A Lifting on four points of the frame

S02 Longitudinal force at the bogie pivot + vertical force on the
secondary suspensions

S03 Lifting on two points of the frame (arranged diagonally)

S04 Main loads, operative loads

PR01 Main loads, operative loads, main systems mass

V04 Combination of loads applied only on the main supports

V05 Exceptional load under truck twist

PR10 Max load on secondary suspension with constraint on
three wheels

F1 Main loads, operative loads, internal pressure of the air springs
and truck twist combined

F2 Main loads, operative loads, internal pressure of the air springs
and truck twist combined

PR02 Main loads and operative loads combined

PR03 Main loads and operative loads combined

PR04 Vertical inertial loads on the masses attached to the truck frame

PR05 Vertical inertial loads on the masses attached to the truck frame

PR06 Transversal inertial loads on the masses attached to the
truck frame

PR07 Transversal inertial loads on the masses attached to the
truck frame

PR08 Longitudinal inertial loads on the masses attached to the
truck frame

PR09 Longitudinal inertial loads on the masses attached to the
truck frame

PR11 Longitudinal lozenging forces

PR12 Longitudinal lozenging forces

Each load case was composed of several contributors. For this reason, all of the
descriptions cite the main forces involved in the single case, without entering formulations
and values, which is not useful for the comprehension of the present work. All the
load cases between S01A and PR10 are static load cases, while others are used to test
fatigue conditions.
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2.3. Finite Element Model of the Bogie Frame

The finite element model of the starting bogie frame was a high-level representation
of the system, made with an FE commercial software. Figure 5 illustrates it and a meshing
detail in the most critical area. The structure of the component, including the central
crossbeam, the longitudinal beam, and the perimeter crossbeams, was modeled using a
two-dimensional mesh consisting of SHELL elements of QUAD4 type, with an average
size of 10 mm and a minimum size of 3 mm. The sensitivity analysis performed on the
component grid allowed us to ensure the good quality of the mesh and reliable results,
especially for stress evaluation. All the supports described in the previous section, on the
other hand, were composed of a three-dimensional mesh of second-order TETRA elements
(TETRA10 type), with the same dimensions as the two-dimensional elements. The choice of
different types of elements depended on the characteristics of the components. The bogie
frame featured thinner thicknesses well represented by the numerical formulation that
describes the mechanical behavior of shell elements. On the other hand, the supports had
three-dimensional development geometries that necessitated solid elements. These two
types of mesh could not be connected directly, as the 2D mesh had elements of the first order.
An effective solution was found to join to the main structure all the supports modeled with
solid mesh: the use of a freeze/bonded contact. This type of contact configuration ensures
the linearity of the model, and the complete redistribution of all the stresses acting (both
forces and moments). In detail, it enforces zero relative motion on the contact interfaces,
the gap between them remains fixed at the original value and the sliding distance is forced
to be zero. In this way, the use of the FE model was improved, ensuring the accuracy of
the results and simplicity of modeling. Another important advantage of this approach
was to be able to separately modify both the supports of the various subsystems and
the main frame, increasing the speed of potential changes and subsequent numerical
tests. Loads were applied with different approaches, according to the application zone.
In addition to classical forces and pressure, zero-dimensional RBE3 elements were also
utilized. These elements prevented the addition of stiffness to the structure, effectively
distributing the loads among the respective nodes. The primary suspension (yellow color),
which acted as a suspensive stage between the wheelset and the bogie frame, was modeled
using one-dimensional elements. The accurate representation of this system was of crucial
importance as it was essential to faithfully replicate this specific connection point, avoiding
the introduction of excessively stiff constraints that could generate extremely high stresses,
which did not result in realistic outcomes. The modeling of the axle (light blue color)
and the pin seat was accomplished using one-dimensional beam elements with congruent
sections. The conical rubber–metal suspension was simulated by employing two one-
dimensional spring elements connected through two rigid multi-node elements of type
RBE3 to the supports where the suspensions were located. Constraint conditions, for all
load cases, were represented by an isostatic configuration, as reference points of the four
wheels, positioned at the end of the axle. The model consisted of 572’513 elements and
692’502 nodes.

2.4. Sensitivity Analysis

Sensitivity analysis is a fundamental analytical process employed across various
scientific domains with the aim of understanding how variations in the values of parameters
within a complex system or mathematical model impact the outcomes or performances of
that system. The process examines how variations in input data can propagate through
these parameters, causing changes in the results achieved. Generally, this methodology
consists of five fundamental steps: quantifying the uncertainty in each input, varying
the parameters, identifying the model outputs to be analyzed, simulating the model a
number of times, and calculating the sensitivity coefficients. The sensitivity study was
conducted on the 20 load cases applied to the original bogie frame. The aim of this analysis
was to understand how variations in load cases influenced the structural performance of
the bogie, thereby identifying the most significant load scenarios. As the first step, the
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selected output were the stresses calculated at 6 critical points of the structure, identified
following static and fatigue analyses. The choice of these points aimed to comprehensively
represent the mechanical behavior of the entire bogie. Depending on the considered load
case, the structure experienced varying stresses, and stress concentrations were observed in
potentially distinct areas. In this regard, the chosen nodes allowed us to account for these
effects. Figure 6 approximately shows the position of the six critical nodes.
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The second step involved quantifying the uncertainty for each chosen output. All load
cases were analyzed, remembering that each was composed of a combination of a certain
number of loads. Each contribution was tested at 25%, 50%, 75%, and 100% of the value
required by the reference standard. This approach allowed for the consideration of realistic
variations in the loading conditions to which the bogie frame could be statistically subjected,
as well as verifying the linear behavior of the calculated outputs. It was demonstrated that
by varying the percentage of each load contribution, stresses would vary linearly, thereby
maintaining the criticality of the considered load cases unchanged. This analysis was
conducted on all critical nodes, and the results are reported in Section 3.1. The sensitivity
coefficients allowed us to quantify the importance of input parameters and understand how
variations in these parameters propagated into the model results. To assess the uncertainty
of the inputs, the normalized index was chosen. This was a dimensionless measure that
standardized the input parameters so that they were comparable. In practice, it expressed
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the variation in each parameter relative to its range or maximum value. Expression (1)
provides its definition.

Iij =
σij

maxj
(
σij

) (1)

where the index i indicates the various critical points used in the sensitivity study and
index j indicates the different load scenarios. Iij is the local normalized index for node i
and load scenario j, σij is the stress in the critical node i calculated for the load scenario
j, and maxj

(
σij

)
represents the maximum stress for the single critical node i, varying j.

Subsequently, a new index representing each load case at a global level was calculated. It
was referred to as the Global Index (Gj). The new index was computed as the sum of the
normalized values recorded at critical nodes for each load case. This approach allowed us
to highlight the overall effect of parameter variations on all outputs, thereby identifying
the most influential cases affecting the original bogie frame. Expression (2) describes it. All
of the results related to this index are reported in Section 3.1.

Gj = ∑
i

Iij (2)

2.5. Topological Optimization Settings

The topological optimization process conducted on the metro bogie frame during the
present study served a dual purpose: to demonstrate the effectiveness of the sensitivity
analysis performed under the loading conditions prescribed by the reference standard for
component verification and to propose an innovative design for the frame. This design
aimed to feature shape and geometry characteristics oriented to its realization through
a sand-casting process. Technological constraints were introduced to guide the solver
towards this solution in alignment with the second objective. The optimization process
was executed using commercial software employing the gradient method as the solving
algorithm. The user defined all input parameters for the optimization analysis, while the
solution process was autonomously managed by the software. The solution was based on
the Gradient-based Optimization Method [30].

The main difference between the two topological optimizations was in the number of
load cases upon which these were based on. Once completed, a comparison in terms of
material distribution and calculation times was carried out. It was fundamental to establish
the effectiveness of sensitivity analysis on the load cases selection. Regarding the settings
of the optimization processes, they are summed up in Table 2.

Table 2. Optimization settings.

Optimization Settings

General settings

Optimization objective Weighted compliance
minimization

Optimization constraint Mass fraction < 0.4

Pattern grouping Symmetry with respect to a
plane (y normal)

Technological settings
Minimum feature size 25 mm

Draw single Removing material along
Z direction

The optimization process had the objective of minimizing the weighted compliance
calculated on all the load cases. The compliance is the sum of the strain energy of the
mechanical model. The higher the value, the more the model is deformed under the same
load. This essentially defines an inverse measure of stiffness, allowing the formulation of a
more efficient minimum problem. As illustrated in Figure 7, before starting the procedure,
the model of the bogie was adapted to be processed. With the aim of providing greater
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freedom to the optimizer for defining a new bogie design, the material volume of the frame
was increased and geometrically simplified, using simple geometries and volumes. The
dimensions were kept within an acceptable range defined by the mechanical component
dimensions. The partitioning of design and non-design space was fundamental, allowing
for the definition of the portion of material on which the solver could act. In Figure 7, the
design space is shown in light blue, while the non-design space is represented in red. The
non-design space mainly included areas of interface with other systems, load application
zones, and connection zones to supports. Giving special attention to the latter, this choice
allowed for the main interfaces to remain unchanged, enabling the separate management
of modifications to the main frame and those to the supports.
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The optimization constraint was imposed on mass fraction. It is the ratio between
the final and the initial mass of the design space. It was set below 40%, a value generally
adopted for topological optimization. The “Pattern grouping” setting allowed for the
introduction of a symmetry condition with respect to a midplane of the bogie frame
with the normal orientation along the y-direction. This condition was needed due to the
characteristics of the loads that were applied only on one side of the bogie, creating an
asymmetrical distribution of the material. After several tests, the value of the “Minimum
feature size” setting was defined equal to 25 mm. It allowed us to ensure the correct level
of detail in the optimized geometry. Finally, the “Draw single” setting forced the removal
of material along a predefined direction. This technological constraint aims to simulate
the extraction of the model from a mold, creating a geometry opened in the upper side or
lower side, depending on the direction set.

3. Results and Discussion
3.1. Sensitivity Analysis: Uncertainty Quantification and Global Index

The uncertainty on the output used for the sensitivity analysis was assessed by varying
all the load cases in three main percentages with respect to the full value: 75%, 50%, and
25%. This approach allowed us to check the linearity of the response and to evaluate
realistic changes in the load. The responses were the stresses calculated in the six reference
nodes. Figure 8 illustrates the results of the calculation carried out on node 2078184. The
linearity of the outputs was confirmed.
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Consequently, the Global Index was assessed for all loading conditions on all nodes.
The analysis showed seven critical load cases, with a Global Index value significantly higher
with respect to the other ones, as reported in Figure 9.
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Figure 9. Global Index calculation result.

This result was fundamental to understand the most aggressive load conditions acting
on a railway bogie frame. PR01 resulted in the most critical load, highlighting the important
contribution of the suspended masses in terms of stress. V04 included the combination of
loads acting on the main support interfaces, confirming the importance of these types of
load. Finally, the F1 condition involved the effect of the internal pressure of the secondary
suspension and of the truck twist. These, combined with the operative loads, resulted
critical for the structure. Once the sensitivity analysis was completed, the second step of
topological optimization was carried out.

3.2. Topological Optimizations: Results and Comparison

As shown in the dedicated methodology section, two topological optimizations were
performed with the aim of evaluating the effectiveness of the sensitivity analysis conducted
on the railway bogie frame. All optimization analysis settings remained unchanged. The
only difference was in the number of load cases that the solver had to analyze: 20 in the
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full case and only 7 in the reduced case due to the sensitivity analysis. Both simulations
were conducted using the same computer, which had the following characteristics: Intel(R)
Xeon(R) CPU E5-2643 v4 @ 3.40GHz, RAM 32GB.

The results were analyzed based on two variables: element density distribution
and computational times. Starting with the former, Figure 10a,b illustrates how the two
distributions were highly consistent. Only minor differences were observed on the two
lateral surfaces of the central crossbeam, with no consequential impact on the reconstruction
of the final geometry. Material in that area would still be necessary due to the presence
of attachments from various subsystems. Therefore, the two results could be considered
effectively equivalent. Moving to computational times, a reduction of approximately 57%
was observed between the full case and the reduced case, confirming the effectiveness of
the proposed methodology.
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3.3. Bogie Frame: Innovative Design and Verification

Once the optimization process was completed, the obtained result was used as a
basis upon which to build the final design of the bogie frame. Manufacturing constraints
allowed us to have a geometry already compliant with the sand-casting manufacturing
process. The reconstruction began with the central cross beam, and then moved on to the
two longitudinal beams, concluding with the details related to the supports and various
interface zones. The structure was open in the lower area, allowing for the extraction of
the main frame structure without the use of cores, which would have been very costly due
to the size of the frame. Certainly, in this manufacturing process, some cores would be
required around the secondary suspensions, as shown in the subsequent figures. In order to
make the structure stiffer and more resistant, both in terms of flexural and torsional aspects,
reinforcement sets were introduced throughout the lower area of the frame. Additionally,
these were crucial to ensure as uniform a flow of molten material as possible. Furthermore,
having an open structure downward, towards the rail, prevents the accumulation of
external agents that could damage the metal structure. Figure 11a illustrates the final design
obtained for the crossbeam, while Figure 11b shows that for the secondary suspension zone.
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To conclude the activity, the innovative frame was tested both statically and under
fatigue conditions in accordance with the reference standard [29], considering all the
present load cases. The results were positive, and improvement was observed compared
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to the original frame, showing overall lower and better-distributed stresses. This once
again confirms the effectiveness of the sensitivity analysis process. It allowed for a drastic
reduction in computational times to achieve an innovative design for a complex component
such as the one studied, ensuring at least the strength of the original frame under all
loads considered for the structural verification of the system. Figure 12, in addition to a
global view of the innovative design, shows the stress distribution obtained for case PR01,
considered the most critical even from the sensitivity analysis. The maximum stress value
reduced by 23% compared to the original case and was localized in a small area under two
supports, as highlighted in the reference picture. In these cases, a consequent non-linear
analysis would be required to investigate potential local material plasticization mechanisms
that could be advantageous in terms of resistance. In addition, a general reduction in stress
was observed for fatigue load conditions, as reported in Table 3. Utilization factor was
calculated as the ratio between absolute principal stress (FEM) and permissible stress.
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Table 3. Fatigue analysis results.

Load Case ∆σ (Absolute Principal
Stress) [Mpa]

∆σ

(Permissible
Stress) [MPa]

Utilization Factor (U) [-]

- Original Redesigned - Original Redesigned

F1-F2 200 162 140 1.43 1.16

PR04-PR05 143 132 140 1.02 0.94

PR08-PR09 107 102 140 0.76 0.73

4. Conclusions and Future Developments

In this article, the research activity was presented, involving the implementation of a
complex structural topology optimization applied to a railway bogie frame. This included
technological constraints aimed at achieving an innovative design potentially producible
through sand-casting. The primary focus of the work centered on conducting a sensitivity
analysis to identify the most critical load cases in terms of calculated numerical stress
to speed up the design approach. This facilitated the identification of seven reference
load cases for a subsequent comparative topology optimization. Positive results were
obtained, with a 57% reduction in computational times to achieve a substantially identical
design, affirming the validity of the sensitivity analysis. Ultimately, the proposed design
resulting from the optimization process fully adhered to the initially imposed technological
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conditions. The final bogie frame design, featuring innovative shapes and geometries,
could potentially facilitate a transition from a welding-based production process to one
based on sand-casting, offering potential benefits in terms of time, costs, and mechanical
performance. As future developments, accelerating the processes of structural topology
optimization could allow them to become an integral part of the design process for new and
complex components such as railway structures. Additionally, the potential to integrate
mechanical fatigue as an optimization input could provide greater control over crucial
outcomes in the field of railway engineering.
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