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Abstract 
 

The train cowcatcher not only sweeps aside animals, debris, or objects obstructing the 

tracks, preventing damage to a train and reducing the risk of derailment, but it also 

serves as a passive safety protection mechanism after a derailment. However, due to 

intense impact forces, the cowcatcher may sustain severe structural damage, 

potentially compromising its passive safety protection capability. To address this 

issue, this paper employs a collaborative optimisation approach to conduct topology 

and sizing optimisation of the cowcatcher, aiming to reduce its mass while enhancing 

structural strength and passive safety protection performance after a derailment. 

Validation tests were conducted for both pre- and post-optimized cowcatchers in the 

derailment simulations. The results indicate that the post-optimized cowcatcher 

exhibits stronger structural stability, and its passive safety protection capability is 

improved. 
 

Keywords: passive train safety; post-derailment; vehicle cowcatcher; structural 

optimisation; topology optimisation; sizing optimisation. 
 

1  Introduction 
 

The primary function of a train cowcatcher is to sweep aside animals, debris, or 

objects obstructing the tracks [1], preventing damage to the train and reducing the risk 

of derailment [2]. Therefore, its passive safety capability is often overlooked in train 

derailment simulation analysis and field test research. However, photographs taken at 

accident scenes, as shown in Figure 1, illustrate that the cowcatcher also plays a role 
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in passive safety protection after a derailment, by restricting the train’s movement 

laterally and longitudinally.  
 

Inspired by this, from the perspective of cowcatcher's passive safety protection 

capability, given that the cowcatcher may sustain damage under high speed derailment 

[3] and lose its passive safety capability due to significant impacts, this study focuses 

on the topology and sizing optimisation of the cowcatcher based on its collision 

response, utilizing the topology and sizing optimisation for the structure design. 

Initially, topology optimisation determines the best material distribution within a 

given design domain. Then, secondary engineering interpretations derive the optimal 

material distribution configuration. Sizing optimisation follows to achieve the best 

structure solution. Finally, structural verification analysis confirms the effectiveness 

of the optimized structure. 
 

 
Figure 1 Derailment accidents: the contact between the cowcatcher and the rail 

 

The concept of structural optimisation is to establish a mathematical model for the 

structure, which includes selecting design variables, defining objective functions, and 

setting constraints[4]. Under these constraints, the goal is to find the optimal structural 

design that satisfies the objective. Structural optimisation design methods include the 

main three types: topology optimisation, sizing optimisation and shape optimisation 

[5, 6, 7]. The structural optimisation design method has been developed over time in 

many areas, such as civil engineering about high-rise building [8] and renewable 

energy industry [9], and is also gradually being widely applied in rail transportation. 

Chen et al. [10] optimized the windowed structure of the main specific energy 

absorption (SEA) components, resulting in a 6% increase in SEA and a 7% reduction 

in peak force. Kuczek et al. [11] employed the SIMP method to lightweight the side 

walls of railway vehicles according to EN 12663 standards, achieving a notable 

improvement in light-weighting. Mrzygd et al. [12] introduced a uniform optimisation 

method for enhancing the structural durability of high-speed train. Their efforts in 

structural optimisation led to improved passive safety performance of the locomotive 

body structure. 
 

2  FE modelling and optimisation methods 
 

2.1 FE modelling 

This section introduces the FE models, with an emphasis on the cowcatcher. As shown 

in Figure 2, the cowcatcher is fixedly connected to the chassis through bolts, and 
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consists of cowcatcher deflectors, connection ribs, buffer plate supports, cowcatcher 

stopper and other structures. 
 

The cowcatcher deflector is the outermost structure that is in direct collision 

contact with obstacles [13, 14]. The connection rib serves as the structure connecting 

the cowcatcher deflector and the buffer plate, and is also the main force transmission 

structure. The buffer plate is composed of five aluminium alloy thin-walled plates 

arranged in the front and the back. In the event of a direct frontal collision, the 

structure can collapse and absorb energy. Cowcatcher stoppers are used to remove 

obstacles on the track and are located directly above the rail surfaces on both sides. 

The main material properties of the cowcatcher are shown in Table 1. 

 
Figure 2 Cowcatcher FE model 

 

Table 1 The main material properties of the cowcatcher 

Material 
Density 

/kg.m-3 

Young’s 

Modulus / 

GPa 

Poisson 

ratio 

Yield 

strength 

/MPa 

Shear 

Modulus 

/GPa 

Q460E 7.83103 210 0.3 460 10 

6005A_T6 2.70103 70 0.3 225 1.13 

 

Additionally, FE models of the track, car body, and bogie, are established to 

simulate the post-derailment behaviour and to test the performance of the cowcatcher, 

as shown in Figure 3. 

 
Figure 3 The FE models of carbody, bogie, and non-ballasted track 

 
 

2.2 Optimisation method and theories 

The optimisation methods discussed in this article entails initially conducting 

topological analysis and optimisation of the geometric shape of the cowcatcher. 

Subsequently, sizing optimisation is performed to achieve collaborative optimisation 

design, thereby achieving the objective of enhancing the derailment suppression 

performance of the cowcatcher. 
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2.2.1 Topology optimisation method 

Topology optimisation involves generating an optimized distribution of material 

elements within a specified design domain to achieve the best structural performance 

while adhering to the given responses and constraints [15]. Currently, there are three 

main topology optimisation methods: the Hybrid Cellular Automata method (HCA) 

[16], Equivalent Static Loads (ESL) [17], and the Variable Density Method (Solid 

Isotropic Material with Penalization, SIMP) [18]. 
 

The SIMP is a prevalent technique appreciated for its stable iterative process and 

high optimisation efficiency [19]. The core concept of the SIMP method is to assume 

that the density of structural elements varies continuously between 0 and 1 [20]. By 

establishing a relationship between element density and material properties, changes 

in element density affect the performance of the structure. This approach enables the 

acquisition of structures with optimal physical properties. The general math model of 

SIMP is as follows: 

 find: 𝑥𝑖(𝑖 = 1,2, … ,𝑁), ∀𝑖 ∈ Ω

 min: 𝐶(𝑥) = 𝐶(𝒖(𝑥), 𝑥) = ∫  
Ω

𝑐(𝒖(𝑥), 𝑥)𝑑𝑉

 s.t. 

{
 

 𝐺0(𝑥) = ∫  
Ω

𝑥𝑖𝑑𝑉 − 𝑉0 ⩽ 0

𝐺𝑟(𝒖(𝑥), 𝑥) ⩽ 0, 𝑟 = 1,2, …𝑀
0 < 𝑥𝑚𝑖𝑛 < 𝑥𝑖 ⩽ 1

 (1) 

where Ω is the design domain，N is the number of the elements，𝑥𝑖 is the relative 

density of the ith element, 𝐶 is the objective function, 𝒖 is the state domain, 𝑉 is the 

structural volume, 𝐺0 is the structural volumetric constraint, 𝑉0 is the max volume 

after optimisation, 𝐺𝑟 is the rth additional constraint, M is the number of additional 

constraints，𝑥𝑚𝑖𝑛 is the min relative density of the material. 
 

In this paper, when conducting topology optimisation of the cowcatcher, the 

objective function is set to maximize stiffness, while maintaining a volume constraint 

of 35%. Therefore, Eq (1) can be transformed into the following Eq (2): 

 find: 𝑥𝑖(𝑖 = 1,2, … ,𝑁), ∀𝑖 ∈ Ω

 min: 𝐶(𝑥) = 𝑭𝑇𝑼

 s.t. 

{
 
 

 
 
𝐺0(𝑥) =∑  

𝑁

𝑖=1

𝑥𝑖 − 𝑉0 ⩽ 0

𝑭 = 𝑲𝑼
0 < 𝑥𝑚𝑖𝑛 < 𝑥𝑖 ⩽ 1

 (2) 

where 𝑭 is the load vector, 𝑼 is the displacement vector, 𝑲 is the stiffness matrix, 

and the optimized 𝑉0 is 0.35𝑉. 
 

2.2.2 Sizing optimisation method 

Sizing optimisation, also referred to as parameter optimisation, typically utilizes 

the properties of structural components as design variables [21]. These variables may 
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include the thickness of shell elements, the moment of inertia and the area of beam 

sections, the stiffness of spring elements, the magnitude of loads, etc. This method is 

commonly employed for further refinement during the detailed design phase.  
 

In this study, during sizing optimisation of the cowcatcher, minimizing its mass is 

established as the objective function. Considering various operating conditions, the 

mathematical model for sizing optimisation can be expressed as follows: 

{
 
 

 
  find 𝑋 = {𝑥1, 𝑥2, ⋯ , 𝑥𝑛}

T

𝑚𝑖𝑛𝑀(𝑋)

𝜎𝑚𝑎𝑥, case ⩽ 𝜎case 
𝑈 , case = 1,2,3,4

𝐷𝑖
𝐿 ⩽ 𝐷𝑖 ⩽ 𝐷𝑖

𝑈 , 𝑖 = 1,2,⋯ , 𝑛

  (3) 

where 𝑀 is the mass of the cowcatcher design domain, case refers to different load 

cases, 𝜎𝑚𝑎𝑥, case is the maximum stress under different loads, 𝐷𝑖 is the thickness of the 

selected plate between lower 𝐿  and upper 𝑈  limit, and 𝑋  is the selected design 

domain. 
 

3  Topology optimisation of the cowcatcher 
 

3.1 Topology optimisation model and optimisation condition design 

3.1.1 Topology optimisation model 

Based on the stress and strain results of the cowcatcher during the post-derailment, as 

shown in Figure 4, it is evident that significant stress concentrations and plastic 

deformations occur in both the buffer plate and the connection rib during the collision 

between the cowcatcher and the rail. 

 

 

   
Figure 4 The stress and strain contours of the cowcatcher during post-derailment collisions 
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Since the connection rib is the primary structure for stress transmission, conducting 

topology optimisation on it will be advantageous for optimizing force transmission., 

thereby minimizing the stress transferred to the interior side of the cowcatcher. The 

cowcatcher deflector is a structure that directly bears impact forces and is also 

included in the optimisation design domain. 
 

Based on the stress-strain analysis during post-derailment collisions, the optimized 

domain for the topology optimisation model has been determined. As illustrated in 

Figure 5, the purple region is the design domain and the grey one is non-design 

domain. The size and quality of mesh elements in the topology optimisation model 

will influence the optimisation results. By partitioning various mesh elements of 

different sizes for preliminary optimisation, it was ultimately decided to discretize the 

cowcatcher model using 8 mm size mesh elements. 

 
Figure 5 The topology optimisation model of the cowcatcher 

3.1.2 Optimisation condition design 

Based on the collision outcomes of train derailments at different speeds, the contact 

conditions of the cowcatcher during derailment at 50 km/h were selected as the basis 

for topology optimisation. The maximum contact force in this scenario was 

increased by 10%, and this value was used as the applied load under the optimized 

condition. 
 

The longitudinal contact force and vertical contact force experienced by the 

cowcatcher in the post-derailment are set as the 1st and 2nd optimisation conditions, 

respectively. The compression loads on the frontal and side end-faces specified in the 

standard "TB/T 3500-2018" are designated as the 3rd and 4th optimisation conditions. 

The multiple loading conditions applied to the cowcatcher's topology optimisation 

model are illustrated in Figure 6. 
 

In the topology optimisation of the cowcatcher, the mesh element density in the 

optimized domain acts as the design variable, the objective function is set to minimize 

the compliance, and the constraint is that the volume function in the given design 

domain does not exceed 35%. In addition, since there are multiple optimisation 

working conditions, topology optimisation under multi-working conditions is carried 

out based on weighted compliance response. In the weighted compliance response, 

the ratio of the weighting coefficient between each working condition and the 

compliance response has a direct impact on the optimisation results. In order to avoid 
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a certain working condition dominating the optimisation results, usually the weighting 

coefficients of all working conditions are set to 1 for a round of initial optimisation, 

and then the appropriate weighting coefficients for each optimisation working 

condition are determined based on the obtained response results. 

 

 
Figure 6 Schematic diagram of load conditions cases 

 

To effectively address material accumulation issues in the optimisation results, it 

is recommended to set the minimum member size at three times the average size of 

the model mesh and the maximum mesh size at six times the average size of the model 

mesh. Additionally, to ensure symmetry in the optimisation results, a plane symmetry 

constraint was applied within the optimized area, with the central symmetry line of 

the cowcatcher serving as the coordinate system. 
 

It can be observed from Table 2 that the compliance response for each subcase in 

the initial optimisation can be calculated. The weighted coefficient ratio of the 4 

weighted compliance responses is 0.857: 0.038: 1.000: 0.847. To achieve more 

precise results, the convergence tolerance of the objective function is set to 510-4, 

and the maximum number of iterations is set to 75. 
 

Table 2 Initial optimisation response results 

Subcase 
Initial 

Weight 
Compliance 

Residual Strain 

Energy Ratio 

Initial 

Weight*Compliance 

1 1.0 1.494037105 4.2053421012 1.494037105 

2 1.0 3.404240106 -2.3855941012 3.404240106 

3 1.0 1.280837105 -8.4307351012 1.280837105 

4 1.0 1.511550105 2.156480E1012 1.511550105 
 

3.2 Analysis of topology optimisation results 

Figure 7 shows the curve of the objective function value changing with the number of 

iteration steps. It can be seen that the objective function reaches the specified tolerance 

and converges after 59 iterations. In order to obtain more discrete results, the 

optimisation engine will automatically adjust the value of the penalty factor during 

the optimisation process. 
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Figure 7 Topology optimisation objective function convergence curve 

 

Figure 8 shows the element density contour. The red ones represent the high-

density elements that need to be retained and the blue ones are low-density elements 

that will be removed. As the number of iteration steps increases, the corresponding 

elements in the design domain of the cowcatcher are gradually deleted. Among them, 

the cowcatcher deflector structure retains a larger number of elements between both 

sides of the cowcatcher rubber, and the connection rib retains the force transmission. 

The iterative process finally obtained better optimisation results, which provided an 

effective reference for further improvement of the cowcatcher structure. 

 
Figure 8 Topology optimisation at specific iteration steps 

The optimized structure result of the cowcatcher is shown in Figure 9. Topology 

optimisation is just for the conceptual design stage in structural optimisation, and its 

results can only serve as reference for the final design structure. Secondary 

engineering design of the obtained results is required to improve the structure better. 

 
Figure 9 The topology optimisation results of the connected plate and cowcatcher deflector 
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Table 3 provides the max deformation displacement values and compliance 

responses of the cowcatcher in 4 cases. Analysis reveals a significant reduction in both 

max deformation displacement values and compliance responses. 

Table 3 Optimisation results under multiple working conditions 

Case 

Pre-optimisation Post-optimisation 

Deformation 

disp. /mm 

Compliance 

response  

Deformation 

disp. /mm 

Compliance 

response 

1 7.68 3.335714105 4.67 1.394234105 

2 52.32 6.297558106 29.02 3.692036106 

3 -6.81 2.283282105 -3.47 1.125999105 

4 -9.08 2.687227105 -3.24 1.364337105 

 
 

4  Sizing optimisation of the cowcatcher 
 

4.1 Sizing optimisation model 

To further determine the optimal thickness of the cowcatcher's structural plates based 

on the preliminary topology optimisation results and to reduce the weight, it is 

necessary to conduct sizing optimisation for the improved cowcatcher structure. 
 

In the sizing optimisation, the objective function is set to minimize the total mass 

of the cowcatcher. The design variables include the thicknesses of the cowcatcher 

deflector, connection rib, central stiffened plate, and hanger base plate, as shown in 

Figure 10. The values are given in Table 4. Considering that the values in 

manufacturing generally cannot change continuously, all design variables are defined 

as discrete variables at once (with an incremental step of 0.1 mm). 

 

 

 
Figure 10 The sizing optimisation model of the cowcatcher 
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Table 4 The value range of each design variable (unit: mm) 

Design variable Initial thickness Upper limit Lower limit 

Cowcatcher deflector T1 6.0 9.0 3.0 

Hanger base plate T2 7.0 10.5 3.5 

Connection rib T3 10.0 15.0 5.0 

Central stiffened plate T4 14.0 21.0 7.0 

 

4.2 Analysis of sizing optimisation results 

Figure 11 shows the change curve of the objective function of sizing optimisation 

with the number of iteration steps, which reaches convergence after 5 iterations. As 

shown in Table 5, upon convergence of the iterative objective function in step 5, the 

mass of the cowcatcher has been reduced by 79.65 kg, representing a reduction of 

10.43% in mass. The design variables acquired through optimisation have been 

adjusted in accordance with mechanical design rounding principles to determine the 

final optimized sizes. 

 
Figure 11 Sizing optimisation objective function iteration curve 

 

Table 5 Design variables and quality changes in each iteration 

Iterations 
           Design variables  Mass 

change/kg T1/mm T2/mm T3/mm T4/mm 

0 6.0 7.0 10.0 14.0 0 

1 6.2 10.5 15.0 21.0 +116.54 

2 6.4 10.3 7.5 10.5 -142.86 

3 6.2 10.4 6.9 9.1 -38.74 

4 6.3 10.5 6.5 9.0 -19.96 

5 6.3 10.5 6.5 9.0 0 

rounding 6.5 10.5 6.5 9.0 +5.37 
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5    Comparison and verification 
 

5.1 Simulation conditions settings 

Based on the train and track FE models, the cowcatcher models, both pre- and post-

optimisation, were assembled onto the car body, and four sets of simulation conditions 

for train derailment were established for comparative analysis. Two derailment speeds 

of 36 km/h and 50 km/h were considered, while maintaining a cowcatcher height of 

190 mm above the rail top, as shown in Table 6. 
 

Table 6 Parameters of the working conditions 

Derail Case Cowcatcher type Height /mm Derailment speed/(km/h) 

1 Pre-optimisation 190 36 

2 Post-optimisation 190 36 

3 Pre-optimisation 190 50 

4 Post-optimisation 190 50 

 

5.2 Results and analysis 

The results include the post-derailment postures of the vehicle, the kinematic 

response of the vehicle and the structural response of the cowcatcher. Figure 12 

depicts the final postures of the derailed vehicle in 4 cases.  As illustrated in Figure 

13(a & c), the longitudinal displacements of the carbody with the post-optimized 

cowcatcher are slightly smaller compared to those with the original structure, 

measuring 14.22 m in case 1 and 13.86 m in case 2. From Figure 13(b & d), it can 

be observed that the suppression effect of the optimized cowcatcher on the lateral 

movement of the train is more pronounced at lower speeds. 

 
Figure 12 The postures of the derailed vehicle in the 4 cases 
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Figure 13 The post-derailment displacements and velocities of the carbody 

During the post-derailment, contacts process between the cowcatcher and the rail,  

primary structural components that undergo deformation are the deflector, connection 
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plate, and buffer plate. Their respective energy absorptions are depicted in Figure 

14(a). Figure 14(b) demonstrates a significant reduction in the maximum stress 

experienced by the optimized connection plate. In cases 1 and 2, the max stress value 

decreased from 922 MPa to 783 MPa, marking a reduction of 17.75%. In all cases, 

the stress exceeds the yield limit, however, since the duration is only 12 ms, the degree 

of plastic deformation in the structure is relatively limited, as shown in Figure 14(c). 

In conclusion, the optimisation method notably mitigated stress and strain values on 

the cowcatcher, thereby fulfilling the initial optimisation design objective. 
 

17.26

18.73

27.59

30.89

3.76 3.96

5.33 5.75
6.57 6.21

8.03 7.68

1 2 3 4
0

5

10

15

20

25

30

35

E
n
er

g
y

/k
J

Case No.

 Cowcatcher deflector

 Connection rib

 Buffer Plate

1 2 3 4
400

600

800

1000

1200

1400

1600
S

tr
es

s 
/M

P
a

Case No.

 Cowcatcher deflector

 Connection rib

 Buffer plate

(b) Max von Mises Stress

1 2 3 4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 S
tr

ai
n

Case No.

 Cowcatcher deflector

 Connection rib

 Buffer plate

(c) Max equivalent plastic strain(a) Energy absorption  
Figure 14 The energy absorptions, stresses and strains of the cowcatcher deflector, connection plate, 

and buffer plate 

 

 

6     Conclusions and Contributions 
 

This study conducts a collaborative optimisation involving topology and sizing 

optimisation for the existing cowcatcher. Subsequent to optimisation, enhancements 

were made to the cowcatcher's structure, and various post-derailment dynamic 

collision scenarios were made for comparative analysis, to assess the impact of the 

optimized cowcatcher on vehicle kinematic response, as well as its structural 

response. 
 

(1) After topology optimisation, the mass of the cowcatcher decreased by 

0.73%. The nodal displacements under various loading conditions decreased by 

39.19%, 44.53%, 49.04%, and 64.43%, respectively. The stiffness of the cowcatcher 

significantly increased after optimisation. 
 

(2) The sizing optimisation design variables include the thickness of the 

cowcatcher deflector, hanger base plate, connection rib and central stiffened plate. 

After sizing optimisation, he mass of the cowcatcher decreased by 79.65 kg, with a 

reduction percentage of 10.43%, yielding a more significant weight reduction 

compared to topology optimisation. 
 

(3) We constructed multiple post-derailment dynamic collision verification 

scenarios, and conducted comparative analyses from 3 aspects: the post-derailment 

postures, kinematic response and cowcatcher structural response. The optimized 

cowcatcher exhibits enhanced suppression of longitudinal motion, with significant 

reductions in both maximum stress and strain within its primary load-bearing 

structures. Consequently, the structural stability of the optimized cowcatcher is 

notably improved. 
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