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Abstract— The growing global scarcity of raw materials, 

combined with the rising economic costs of manufacturing, has 
increasingly directed research and industrial efforts toward 
the development of innovative products designed with 
improved material efficiency. These efforts typically focus on 
minimizing material consumption, adopting more cost-
effective and energy-efficient production technologies, and 
reducing reliance on manual labor through automation. Such 
strategies not only contribute to lowering the overall 
production cost of components but also support improvements 
in operational efficiency, for instance by enabling even slight 
increases in the payload capacity of railway freight transport. 
Nevertheless, optimization of this kind must not come at the 
expense of safety. On the contrary, the requirements imposed 
on newly manufactured components in the railway sector have 
become progressively more stringent, reflecting both 
regulatory demands and the expectations of operational 
reliability. In the present study, a draw gear support designed 
in accordance with EN 15566 was investigated. A topology 
optimization procedure was carried out to reduce the mass of 
the component, followed by a stress–strain analysis and a 
fatigue assessment to evaluate its structural performance and 
durability. 

Keywords— Topology optimization, FEM, Fatigue, 
Drawbar, Railway wagons.  

I. INTRODUCTION 
In the design of new products, priority is given to 

ensuring compliance with current technical, functional, and 
economic requirements in order to guarantee reliable 
operation throughout the product’s service life. Growing 
market competition requires continuous product 
optimization to improve performance and lower production 
and operating costs [1]. This process typically includes the 
refinement of structural geometry, the selection of advanced 
materials, and the adaptation of manufacturing technologies 
to achieve higher efficiency. 1 

These benefits extend not only to the optimized product 
itself but also to other products of the manufacturer with 
similar parameters. In this way, transportation costs are 
reduced for the customer, while additional discounts can be 
realized for bulk purchases. 

In recent years, topology optimization has been 
increasingly applied. By removing material from weakly 
loaded areas, a significant reduction in weight can be 
achieved. However, this approach results in complex 
geometries, which introduce technological limitations 
during manufacturing. Despite these challenges, the 
automotive industry has demonstrated that a 10% mass 
reduction can lead to a 6–8% decrease in fuel consumption 
[2]. 

With the development of metal additive manufacturing 
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technologies, such as Selective Laser Melting (SLM) and 
Direct Energy Deposition (DED), it has become possible to 
produce geometries that cannot be manufactured by 
conventional methods [3]. However, the industrial 
application of these methods remains constrained by high 
production costs and the generation of residual stress in the 
manufactured components.  

Residual stresses are recognized as one of the most 
critical challenges in metal additive manufacturing, as they 
originate from repeated thermal cycling and non-uniform 
cooling during processing [4]. These stresses can lead to 
distortions, crack initiation, and loss of dimensional 
accuracy. In addition, complex geometries often contain 
stress concentrators that increase the likelihood of local 
failures [5]. To address these issues, integrated topology 
optimization techniques and computational modeling 
approaches have been proposed [6]. Furthermore, post-
processing treatments—such as annealing, quenching, or 
mechanical finishing—are applied in combination with 
numerical simulations of the internal microstructure. 
Through these methods, the risk of deformation and 
microcrack formation in the manufactured component can 
be assessed and predicted [7]. 

Therefore, in engineering practice, a balance must be 
established: the complex geometries generated through 
topology optimization should be adapted to conventional 
manufacturing methods such as casting. This approach 
enables both economic efficiency and technological 
feasibility to be achieved simultaneously. A representative 
example can be found in shipbuilding, where the application 
of topology optimization to a container ship hatch cover 
resulted in a mass reduction of 2,49 tons, yielding direct 
material cost savings of $3635 per component [8]. 

In many countries, the use of automatic couplers has been 
widely adopted. According to [9], their adoption exceeds 
80–85% in North and South America and in Australia. In 
Africa, the adoption rate is above 50%, while in Asia it 
approaches 80%. In Europe, however, screw couplers 
remain the most common solution, despite the ERA 
technical report recommending a transition to digital 
automatic couplers (DAC) [10] and the availability of 
modern patents and research on this subject [11], [12] and 
[13]. 

The loads that occur during operation are significant, and 
the requirements for railway vehicles are defined in 
numerous regulatory documents, such as UIC leaflets, 
European standards, and TSI specifications [14], [15], [16] 
[17]. Various studies have investigated defects in different 
elements of the coupling system, often based on actual 
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failures observed in service [18], [19], [20] and [21], while 
[22] presents statistical data on the most frequent types of 
failures. These findings confirm the severe loading 
conditions to which coupling systems are subjected. Studies 
on longitudinal dynamics [23], [24], [25] and [26] 
demonstrate that the design of such components requires 
special consideration due to the dynamic nature and 
amplitude of service loads, which expose the components to 
cyclic loading and fatigue. In the present study, the focus is 
placed on the support of the coupling device, which is 
widely used in railway vehicles across the European Union. 

 
Fig. 1. Standardized draw gear: 1 – screw coupling, 2 – polymer energy 
absorber, 3 – DG support, 4 – draw bar, 5 – draw hook. 

In [27], the support of the draw gear, positioned at 
location 3 in Fig. 1, was investigated using a newly designed 
configuration. The results from that publication have been 
adopted as key parameters for the present work. 

II. LOAD CASES AND EVALUATION CRITERIA. 
The component under investigation is designed to 

withstand a minimum breaking force of 1500 kN and to 
operate for 30 years in compliance with [16]. A detailed 
analysis can be found in [27], while TABLE I presents the 
cycle counts for different load cases, which are applied to 
assess the probability of fatigue assessment. 

 
TABLE I 

CONDITION OF DYNAMIC TEST FOR ALL PARTS EXCEPT SCREW COUPLING 
[16] 

Lifecycle in 
years 

RANGE OF FORCES TO BE APPLIED 

   
 1000kN ∆F1 = 200kN ∆F2 = 675kN 
 1200kN ∆F1 = 240kN ∆F2 = 810kN 
 1500kN ∆F1 = 300kN ∆F2 = 1015kN 
  N1 in cycles N2 in cycles 
20 all 106 1,45x103 
30 all 1,5x106 2,15x103 

 
The load cases required for the static and dynamic 

assessment of the component are summarized in TABLE II. 
 

TABLE II 
LOAD CASES FOR SUPPORT PLATE FOR LOAD OF 1,5MN 

Load case Force magnitude Evaluation criteria 

1 1500kN Minimum braking force of 1500kN 
2 1125kN Accumulation damage <1 
3 1015kN Accumulation damage <1 
4 300kN Accumulation damage <1 

The most used criterion for evaluating similar type of 
component is the safety factor, which is also widely applied 
to other elements of railway rolling stock [28]. It is defined 
as the ratio between allowable stress and calculated stress, 
as expressed in (1). 

 𝑆𝑆 ≥ 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙
𝜎𝜎𝑐𝑐

, (1) 

where: 
𝑆𝑆 – safety factor, 
𝜎𝜎𝑐𝑐  − calculated stress, 
𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙 – permissible stress; 
In this study, the yield limit is not taken as a strict 

criterion; instead, the component is assessed based on the 
requirement for a minimum breaking force, as specified in 
TABLE II. Therefore, the evaluation is performed by 
considering fatigue accumulation and by extending the 
computational model into the plastic region. Fatigue 
damage is determined using Miner’s rule, as applied in [29], 
and is calculated according to (2). 

 𝐷𝐷 = 𝑛𝑛1
𝑁𝑁1

+ 𝑛𝑛2
𝑁𝑁2

+ ⋯+ 𝑛𝑛𝑘𝑘
𝑁𝑁𝑘𝑘

= ∑ 𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

𝑘𝑘
𝑖𝑖=1 ≤ 0 (2) 

where: 
𝐷𝐷 – accumulated fatigue in the considered node, 
𝑛𝑛𝑖𝑖 – applied number of cycles for investigated load cases, 
𝑁𝑁𝑖𝑖 – endurance number of cycles according to S-N; 

III. METHODOLOGY FOR OPTIMIZATION. 
Based on the performed analysis, a methodology for 

applying topology optimization has been developed. The 
methodology combines several approaches for structural 
optimization: 
− Classical approach – based on stress analysis of the 

investigated component. This method is widely used 
in the design of mechanical engineering products, as it 
enables the identification of specific zones in the 
structure, such as stress concentrators, over-
dimensioned regions, and elements that do not 
contribute to the load-bearing capacity. 

− Topology optimization – capable of generating 
complex geometries by performing iterative stress 
analysis on the elements of the computational model 
and eliminating non-stressed elements. This process 
results in advanced geometrical forms that may require 
specialized manufacturing methods. 

By combining the two methods, it becomes possible to 
identify zones where topology optimization cannot be 
effectively applied, particularly in regions with high stress 
concentrations. The proposed methodology includes the 
following steps: 
• Creation of a computational model and execution of a 

verification calculation. The probability of fatigue 
occurrence in the material is assessed using the 
methodology in [27]. 

• Analysis of the stress state of the investigated object, 
including the identification of weakly stressed zones 
and stress concentrators. 

• Development of a geometry focused on removing 
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material from low-stress zones and introducing 
material to counteract stress concentrators. 

• Verification of the new geometry, including fatigue 
assessment and analysis of results according to [27]. 

• Application of topology optimization. 
• Analysis and processing of the optimized geometry, 

followed by verification calculations and fatigue 
assessment according to [27]. 

• Refinement of the geometry, taking into account the 
selected manufacturing method. 

• Final verification of the component and analysis of the 
results. 

IV. АPPLICATION OF THE DEVELOPED METHODOLOGY. 
In the present work, the first step of the proposed 

methodology was carried out in detail in [27]. The most 
significant results are summarized in the comparison 
provided below. 

A. Application of optimization based of Stress distribution 
approach. 

As part of the application of the methodology, the first 
step involved the stress-state analysis of the finite element 
model of the draw gear support, the detailed investigation of 
which is presented in [27]. For the stress analysis, the most 
unfavorable loading case was selected, corresponding to the 
maximum applied force, namely LC1 from TABLE III. Fig. 
2illustrates the distribution of stress at a loading time of 1 s, 
where the applied force reaches 1500 kN. 

 
Fig. 2. Stress zone of a new design drawbar support. a – oversize zone, 
b – stress concentrators. 

The stress analysis identified several distinct regions of 
interest in the geometry of the draw gear support. Some of 
these regions, highlighted in blue, indicate oversizing, 
meaning that the material dimensions there are larger than 
necessary to safely sustain the applied loads. The most 
prominent example of this condition is located of the lower 
part, referred to as zone a1, where the stress levels remain 
below 60 MPa. Such low stresses suggest that the thickness 
of the material in this area could be reduced without 
compromising the structural integrity of the component. 

Another area of interest is zone a2, where the stresses 
reach values of approximately 200 MPa in the central region 

of the overhanging section. However, toward the two ends, 
located near the closing box of the drawbar of the draw gear, 
the stress levels drop significantly to around 50 MPa. This 
uneven distribution indicates that the geometry in its current 
form is not fully optimized for load transfer. The central 
portion contributes more effectively to carrying the applied 
forces, while the ends carry very little load. 

From these observations, two important conclusions can 
be drawn. First, the thickness of the material in both zones 
a1 and a2 is greater than required to withstand the design 
loads. Second, the extended geometry at the top, which 
resembles an overhang, does not contribute significantly to 
the load-carrying capacity of the structure and can be 
considered unnecessary from a functional perspective. 
These findings highlight opportunities for reducing excess 
material, which is in line with the objectives of the proposed 
optimization methodology. 

The zones highlighted in red represent areas of stress 
concentration. In zone b1, the maximum stresses reach 
values close to 350 MPa. Although this indicates a critical 
region, the stress field shows a gradual dissipation, which 
makes it possible to consider reducing the thickness of the 
material in this area without negatively affecting the 
strength of the component. 

A similar phenomenon is observed in zone b3, where the 
stress levels are lower compared to b1. For this region, a 
more decisive modification was introduced. Originally, a 
horizontal web was positioned above zone b3, with the 
purpose of lowering the stresses in the neighboring zone b2. 
However, the analysis demonstrated that the web was not 
efficient in fulfilling this role and added unnecessary weight 
to the structure. For this reason, the web was completely 
removed. To compensate for its removal and to control the 
stress concentration in zone b2, reinforcing ribs were 
introduced around the radius of this area. These ribs are 
more effective in redistributing stress and in reducing the 
risk of fatigue cracks developing over time 

Based on the conducted analysis, several constructive 
modifications were introduced, resulting in a weight 
reduction of approximately 11%. Fig. 3 illustrates the 
optimized geometry obtained after the application of the 
classical optimization approach, which relies on stress-state 
analysis. The implemented modifications include removal 
of the rib in the upper part of zone b4; reduction of the wall 
thickness of the drawbar housing of the draw gear; increase 
of the height of the base plate; cut-outs in the upper section; 
and the addition of stiffening ribs in zone b2. 

 
Fig. 3. Optimization design of STRESS DISTRIBUTION APPROACH  

a1 
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b4 



V. MAZNICHKI: TOPOLOGY OPTIMIZATION OF DRAW GEAR SUPPORT FOR RAILWAY 

After the proposed design modifications were 
implemented, the new component was subjected to detailed 
verification. The purpose of this step was to ensure that the 
modified geometry provides the necessary structural 
capacity and resistance to fatigue. In addition, the 
verification was used to examine how the modifications 
influence the stress distribution. To achieve this, the 
methodology presented in [27] was applied, which made it 
possible to directly compare the new design drawgear 
support with the original design. The results of this 
assessment, which illustrate the impact of the modifications 
and their benefits, are presented in Fig. 4. 

 
Fig. 4. Stress results of Optimization design structure by STRESS DISTRIBUTION 
APPROACH  

The presented results correspond to loading case LC1, 
which represents the most critical condition with the 
maximum applied force. A significant reduction of the dark-
blue regions, representing stresses up to 50 MPa, can be 
observed. This change indicates that stresses are now 
distributed more uniformly compared to the previous 
design. 

In zone a2, the loading level is greater than in the original 
geometry, and the stresses are distributed more evenly. This 
leads to more effective use of the material. In zone b2, where 
a stress concentrator was previously identified, the stress 
field now covers a larger area. This means that the localized 
character of the concentration has been eliminated, reducing 
the risk of crack initiation in this critical region. 

A fatigue assessment was then carried out using Miner’s 
rule, following the methodology in [27] [29] The obtained 
damage value is significantly lower than 1, which confirms 
that the revised component is not expected to fail due to 
fatigue within the required service life. 

In summary, the results demonstrate that local stress 
concentrators have been removed, and the stresses are more 
uniformly distributed throughout the structure. The fatigue 
analysis also shows that the accumulated damage remains 
far below the critical threshold. This indicates that the 
component can operate reliably over a 30-year service 
period. These improvements establish a strong foundation 
for the next stage of the study, which involves the 
application of topology optimization to further enhance 
weight efficiency 

B. Application of Topology optimization. 
When applying topology optimization, several 

adjustments to the model are required. These adjustments 
include the removal of nonlinear contacts from the finite 
element model, since such contacts cannot be used in 
combination with topology optimization. In order to comply 
with the requirements of the TSI, European standards, and 
UIC leaflets [16], [14], [15] and [17] it is also necessary to 
specify the zones where material removal is not permitted. 
These zones typically include functional areas such as 
connection interfaces, fastening holes, and surfaces 
intended for assembly. Some of these restricted zones are 
illustrated in Fig. 5. 

 
Fig. 5. Restricted region for optimization according to normative 
legislation.  

The restricted zones include the mounting holes located 
symmetrically on both sides, the supports through which the 
load is transmitted to the wagon frame, the openings and 
chamfers associated with the drawbar of the coupling 
device, and the platform on which the energy-absorbing unit 
is seated. In this way, it is ensured that no material is 
removed from these critical regions and that the optimized 
component remains fully compatible with operational 
requirements. The optimization target was defined as a 30% 
mass reduction, and Density Based Optimization was 
applied. 

The optimized version of the component obtained after 
the application of topology optimization is shown in Fig. 6. 
The transparent contour represents the geometry obtained 
through the application of the classical stress distribution 
approach, while the discretized region corresponds to the 
geometry optimized using topology optimization. 

 
Fig. 6. Comparation of geometry of drawgear support. 
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Before proceeding with the verification calculations of 
the component and the evaluation of accumulated fatigue, 
the optimized geometry must be prepared. Using 
appropriate tools in SpaceClaim™, the geometry was 
smoothed and multiple “craters,” which typically appear 
after the optimization process, were removed. Due to the 
high complexity of the geometry, a non-conventional 
meshing strategy was required; therefore, a Cartesian mesh 
was applied. After completing these steps, the finite element 
model was solved, and a fatigue assessment was performed. 
The results obtained for loading case LC1 are shown in Fig. 
7. It is noteworthy that the maximum stresses are 
approximately 100 MPa higher compared with those 
obtained using the optimization based on the stress 
distribution approach.  

 
Fig. 7. Results of calculation model after appalling topology 
optimization – LC 1 

The fatigue assessment revealed significant differences in 
the number of cycles that the component can withstand 
under different loading cases. 

C. Adaptation of optimized geometry to manufacturing 
technology. 

The geometry obtained in the previous step can meet the 
modern requirements of the regulatory documents  [14] 
[15], [16] and [17],, but it must be adapted to a suitable 
manufacturing process, as discussed in [9]. For a one-off 
component, which is not intended for series production, 
metal additive manufacturing, such as that considered in [3], 
[4], [5] and [6] could be an appropriate choice. In the present 
case, however, this approach is not applicable, since the 
component is designed for mass production and, due to the 
nature of the loads to which it is subjected, it would be 
vulnerable to residual stresses generated during the additive 
manufacturing process. 

For this reason, attention was focused on developing a 
casting, taking the optimized geometry as a basis and 
modifying it to include technological fillets, chamfers, draft 
angles, machining allowances, and other features necessary 
for the production of the final component. The results for 
the most unfavorable loading case are shown in Fig. 8, 
where the maximum stresses reach 448 MPa, and the critical 
stress zone remains unchanged compared to the results 
obtained after the application of topology optimization. 

 
Fig. 8 Results of calculation manufacturing adapted optimized design 
structure – LC 1 

V. COMPARISON OF RESULTS 
As part of the study, four alternative designs of the 

component were developed, each with different mass and 
production cost. Fig. 9 presents a comparison between the 
first variant and the optimized geometry adapted for 
manufacturing by casting, showing the stress state under the 
most unfavorable loading case. 

 
 

Fig. 9. Comparation of stress distribution between new design structure and 
final optimized design structure. 

A clear reduction of the blue and green regions is 
observed, accompanied by a more uniform distribution of 
stresses throughout the component. The outcomes of the 
methodology are summarized in TABLE III, which lists the 
maximum stresses under all loading conditions, the 
calculated fatigue damage, the number of design changes, 
and additional relevant data. 

 
TABLE III 

COMPARISON OF THE RESULTS IN DIFFERENT COMPUTATIONAL MODEL. 

DESIGN 
PRODUCT  

NEW 
DESIGN 

PRODUCT 

STRESS 
DISTRIBUTIO
N APPROACH 

TOPOLOGY 
OPTIMIZATIO

N 

TOPOLOGY 
OPTIMIZATIO
N /CASTING 

Max Strass 
[MPa] 434.5 428.89 523.57 448.7 

Iteration 
process 6 1 1 2 

Accumulate
d damage 0,01 0,03 2,08 0,12 

Мmanufact
uring 
method 

Casting Casting 
additive 

manufactur
ing 

Casting 

Total weigh 
[kg] 40.54 36,13 25.44 28.78 

 
The results presented in TABLE IIIshow increased cycle 

counts for LC1 and LC2, where the evaluation was 
performed for 2150 cycles, while the test program specifies 
only one cycle for each case. The outcomes of the topology 
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optimization indicate that under such conditions the 
accumulated fatigue damage significantly exceeds 1. 
However, when the cycle counts for the first two load cases 
are reduced to the values specified in the test program, the 
damage value decreases to within acceptable limits, 
reaching 0.17. 

Although the mass of the topology-optimized variant is 
the lowest at 25.44 kg, its geometry is too complex to be 
manufactured as a casting 

VI. CONCLUSIONS AND RECOMMENDATIONS 
In conclusion, it should be noted that a methodology for 

weight reduction of newly developed components has been 
proposed. This methodology is characterized by its ability 
to eliminate imperfections in the initial designs that prevent 
further optimization. 

The methodology was applied to a newly developed 
support of a draw gear. The results show that the mass of the 
investigated component was reduced by approximately 
29%. Verification analyses were performed at each step of 
the methodology, considering more than ten variants of the 
support. The analysis of the results demonstrates that, 
despite the occurrence of localized plastic deformations, the 
accumulated fatigue damage does not lead to failure of the 
component and complies with the requirements of EN-
15566. 

For further development of the study, it is advisable to 
simulate the casting process using appropriate techniques 
such as CFD. To fully validate the optimization 
methodology, it is necessary to produce a prototype and 
perform experimental testing. During such tests, stresses 
could be measured at critical points of the structure to 
confirm the accuracy of the numerical predictions. 
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