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Abstract: Collisions between rail transit vehicles are unavoidable. In order to alleviate the disaster
caused by the collision, energy-absorbing and shock-absorbing materials are generally installed
at the front end of the rail vehicle. In this paper, a variable buffer-force planing energy-absorbing
device for rail transit vehicles was prepared. The buffer force was changed by length (Dx), angle (A)
and thickness (W). First, we manufactured one type of material, and data were obtained through
experimentation. Second, we used Ls-DYNA to simulate this material, and determined the accuracy
between the simulation and the test. Third, various parameters of the material were simulated by
Ls-DYNA. The results show that changing Dx greatly affects the performance of the material, W has
no obvious effect on the performance, and A is important for the materials properties. Based on
finite element simulation, the functional model relationship between the average force and various
parameters was deduced. This lays the groundwork for the application of the variable buffer-force
planing energy absorbing device.

Keywords: rail vehicles; variable buffer-force planing; mechanical properties; parametric design; simulation

1. Introduction

Collisions are common mechanical phenomena, and include car collisions, ship colli-
sions, plane collisions, etc. The accidents cause a lot of personal and property losses [1].
Therefore, improving the crashworthiness of vehicles has become an attractive object of
research, and various energy-absorbing structures have thus emerged [2].

Passive safety relies mainly on the energy-absorbing material at the front end of
the frame to absorb external loads. Energy-absorbing devices based on the principles of
composite material crushing and polymer material friction have emerged in recent years [3],
metal deformation energy-absorbing structures have the advantages of high efficiency, good
manufacturability and low price [4]. Therefore, metals are still the first choice in various
collision situations. Scholars have conducted a large number of impact tests and simulation
analyses on energy-absorbing structures [5–7], analysing the crashworthiness of the energy-
absorbing structures and summarizing their design methods. Common metal deformation
energy-absorbing structures include metal thin-wall crushing, metal tube expansion and
metal cutting, etc. [8–10]. Among these, the thin-walled metal crush structure is the most
widely used because of its economy and simplicity, leading this type of structure to be the
object of most research. Baroutaji et al. [11] have summarized the influencing factors of
thin-walled energy-absorbing elements and their design and optimization methods. A large
number of articles [12–15] have summarized the influencing factors of thin-walled energy-
absorbing elements under axial compression, have analysed the deformation patterns
of thin-walled tubes under different loading conditions, and have proposed an average
crushing force for square and round tubes.
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Although the specific energy absorption of the lateral crushing and bending defor-
mation of thin-walled components is small. In actual collisions, energy absorption caused
by lateral loads is inevitable. The crashworthiness of thin-walled components has been
analysed [16–18]. Metal tube expansion structures are widely used in rail vehicles, and
the research on such energy-absorbing structures is similarly in-depth. Shakeri has stated
that an expanded tube structure could still maintain good crashworthiness and energy
absorption efficiency under different external force loading conditions, and they analysed
the geometric dimensions, material strength, diameter expansion of the expanded tube in
detail through experiments, simulations and theoretical derivation.

Energy absorption of the expander energy absorber have also been researched [16–18].
Li et al. [19] propose a new hybrid absorber with an external die added to the outside of
the expanding–splitting tube. Experimental results show that the hybrid tube deforms
in a controlled manner and has a high energy absorption. Salman et al. [20] proposes a
novel design of regenerative shock absorber for the in-wheel motor. Their results show that
the shock absorber is effective and feasible for renewable energy applications in electric
vehicles. Research on the energy absorption mechanism and structural design of metal
expansion tubes is also now relatively mature. The energy-absorbing structure based on the
principle of metal cutting has the advantages of compact structure and high volume-specific
energy-absorbing efficiency [21], and its application in the engineering field has gradually
increased in recent years [22]. Dubey et al. [23] endeavoured to accentuate the material
response at high strain rates as well as the structural response, with their results showing
a good absorption of energy. John et al. [24] derived an analytical modelling procedure
to predict the complete force-displacement response. The mean load and total energy
absorption were predicted to within 5% of experimental values. In recent years, with the
increasing application of energy-absorbing components, many scholars have proposed new
structures based on this energy-absorbing principle, the influence of relevant parameters
on the energy absorption capacity of the structure has been analysed in detail, and the
relevant design and optimization methods have been proposed [25,26].

From the paper on the existing metal-cutting energy-absorbing structures, it is found
that the researchers are most concerned about the parameters affecting the change of
cutting force, because these are closely related to the energy-absorbing capacity of the
structure. For the influencing factors of cutting force, in addition to the experimental
test, simulation and theoretical derivation were used. Xie obtained the cutting force
calculation formulae for turning and groove cutting through mathematical derivation [27].
The general simulation analysis method for analysing different machining methods can
better predict the cutting force in machining. To sum up, many people have carried
out research on the energy absorption characteristics of metal plastic deformation-type
energy-absorbing elements [28–30], and there are an increasing amount of metal-cutting
energy-absorbing elements to be researched. In order to improve the crashworthiness of
the structure, the buffering structure needs to increase the energy-absorbing stroke [31].
Zhang, Yang, Li, et al., applied the variable-buffer force structure to a rail vehicle, which
greatly improved the energy absorption capacity of the vehicle, and effectively improved
its crashworthiness [32–34].

Mahmoud et al. [35] introduced a novel method to enhance absorbed energy by square
sections. Specific absorbed energy by open and closed sections is calculated. Meng et al. [36]
investigated the cutting strain of the combined honeycomb core considering the effects
of core diameter, explosive charge mass and scaled distance, with their results demon-
strating that either a decreasing scaled distance or an increasing charge mass results in a
larger cutting strain. Guan et al. [37] conducted a quasi-static cutting experiment on an
aluminium tube, and it was shown that the cutting aluminium tube absorber presents a
stable deformation mode.

The purpose of this paper is to propose a cutting energy-absorbing structure that
can control the buffer force according to the actual situation, and to study the influencing
factors of the buffer force of the metal cutting energy-absorbing structure under high
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speed and large cutting depth. A calculation formula for cutting buffer force considering
parameters was obtained, and provides a design basis for variable cutting force energy-
absorbing structures.

2. Experiments
2.1. Test Equipment

The characteristics of energy-absorbing components are often tested with static pres-
sure or impact equipment. The test in this paper uses a drop-weight impact equipment.
The test is shown in Figure 1, from top to bottom: the hammer head and counterweight
are located at the top, and the collision speed and energy are controlled according to their
lifting height (0∼20 m) and counterweight mass (420∼1200 kg). The energy structure
(including the cutting specimen, tool and flange) is installed on a fixed tool to absorb the
kinetic energy of the falling hammer. The piezoelectric impact force sensor measures the
impact force during the collision at the bottom of the installation tool.
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Figure 1. Drop weight impact test. (a) Test diagram; (b) test schematic diagram.

The pressing tool is used to ensure that the test specimen does not overturn and
move during the test. The magnetic grating sensor and the magnetic grating ruler are
respectively installed on the side of the track and the drop weight frame to measure the
energy absorption stroke. In addition, the high-speed camera is arranged at a distance of
1.5 m from the test specimen, with a speed of 2000 frames per second. The test process is
recorded at shooting speed.

2.2. Preparation and Description of Test Specimen

The specimen in this paper is a specially designed variable buffer force energy-
absorbing element, mainly composed of flanges, tools and workpieces. The assembly
relationship is shown in Figure 2a. The function of the workpiece to be cut is divided into
two parts. Firstly, the guiding part is processed into the shape of a dovetail groove, so that
the workpiece to be cut can move stably in the vertical direction during the collision process.
Secondly, the cut part is used to absorb the collision energy, and the cut part changes the
cutting force by controlling the thickness of the cutting layer.

The part is divided into three stages: the cutting depth in the first stage is a constant
value D1, the cutting depth in the second stage increases linearly from D1 to D2. The cutting
depth in the third stage is a constant value D2, and the strokes of the three stages are S1,
S2, and S3, respectively. A represents the cutting angle and W represents the thickness of
material. The profile of the specimen and the definition of related parameters are shown in
Figure 2.

The relevant parameters selected in this experiment test are shown in Table 1. The
material of the tool is cemented carbide, and the material of the cut specimen is Q235.
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Figure 2. Energy-absorbing specimen with variable buffer force. (a) Three-dimensional axonometric
view; (b) schematic diagram of parameters.

Table 1. Cutting parameters of the test piece.

Parameter S1 S2 S3 D1 D2 A W

size 100 mm 100 mm 150 mm 2 mm 4 mm 10◦ 30 mm

2.3. The Simulation Model

This paper uses the finite element analysis software Abaqus for calculation. The 3D
model is generated by Solidworks, the model size is the same as the test size, tools are added
on both sides of the lower end, then the model is imported into the simulation software
using the IGS format. The tool is selected as cemented carbide, the energy-absorbing
element is Q235 steel, and the relevant parameters of the material are referenced from [38]
in order to speed up the calculation speed and reduce the use of computer resources. We
set the material and tool to different mesh sizes. Reference [39] shows when the ratio of
mesh size to element size is 0.125 (mesh size/element size = 0.125), the simulation results
agree well with the experimental results. The contact form is set to bonding, the material
body is self-contact, the type is friction, the static friction force is set to 0.3, and the dynamic
friction force is set to 0.2 [40]. The X and Y axes are fixed, the loading displacement is set to
the Z direction (equal to 300 mm). In order to speed up the calculation, the loading time to
is set to 0.001 s for calculation.

The simulation model is shown in Figure 3.
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Figure 3. Simulation Model.

In the simulation, meshes of different sizes are used, and local fine meshing is per-
formed on the parts of the energy-absorbing element (especially the parts that need to be
cut) to ensure that the thinnest part of the mesh also has three layers (Figure 3).
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3. Results and Discussion
3.1. Test Results

We installed the specimen on the equipment and lifted the drop weight (the total
weight of this test drop weight and counterweight is 1040 kg) to a height of 4.5 m from
the upper surface. The hammer then falls freely under gravity, contacts the specimen at a
high speed, and then the specimen moves downward at the same speed. During the move-
ment, the tool cuts the metal specimen to absorb the kinetic energy of the falling hammer.
The following picture shows the collision process recorded by high-speed photography
(Figure 4). From the moment of contact between the drop weight and the energy-absorbing
structure at 0 to 42 ms, the chips gradually increase in a curled shape as time moves forward
(Figure 4, marked yellow).
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The specimen after the collision is shown in Figure 4. The total energy absorption
stroke is 240 mm. The chips on both sides of the specimen are basically symmetrically
distributed (Figure 5). The thickness of the chips is divided into three sections, with the
thickness of the initial section being about 2.7 mm (Figure 4 marked blue), the middle
transition segment increasing from 2.7 mm to 5.5 mm (marked white), and the thickness of
the final segment being about 5.5 mm (marked red).

The curves of the buffer force-stroke and energy absorption-stroke are shown in
Figure 6. From the curve analysis, we find that the collision process is divided into four
stages. The first stage represents the moment when a large peak force occurs in the contact
between the hammer head and the specimen at the starting section, with the stroke being
about 3 mm. The buffer force in the second stage is maintained at around 140 kN, and
the stroke is about 97 mm. The buffer force in the third stage is gradually increased from
140 kN to 280 kN, and the stroke is about 96 mm. The buffer force in the fourth stage is
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around 280 kN until the end of the test, and the stroke is about 42 mm. (Initial velocity is
9.39 m/s).
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Figure 6. Force-displacement and energy-displacement curves. (a) Cushioning force-stroke curve;
(b) energy-stroke curve.

3.2. Simulation Results

The simulation process of the material is as follows. The tool is first placed at the
bottom of the material. The simulation process adopts the loading method of fixing the
specimen and moving the tool, and taking pictures at an interval of 60 mm. The deformation
process is shown in Figure 7a. Comparing the simulation (Figure 7b) and experiment test
results, it can be found that the deformation of the stress–strain curves of the simulation and
the test are relatively similar under the same loading conditions with the same specifications
and parameters.

In the range of the deformation amount of 300 mm, the stress of the material has four
distinct stages. These are the initial elastic stage, the first plateau stage, the stress rising
stage and the second plateau stage. The initial elastic stage occurs at the beginning of
the material. This part is an oblique line until the plastic strain of the material is reached;
after that, the material shows a small stress drop, the material begins to fail, and then the
material deforms with a relatively stable stress. The continuous range of this stage is about
the length of S1; after reaching the starting point of S2, S2 is a material fracture length with
a variable slope, so the stress increases according to a certain slope, and the magnitude of
the increase is related to the slope of the material thickness. When the material enters S3,
the thickness of S3 is two times that of S1, and it is also a cuboid region from the side, and
its stress is stable, at about two times that of S1.
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Observing the morphology of the material after cutting, it can be found that the
material on both sides is cut off, and the sides are straight, as shown by the red line
(Figure 7a).

From the deformation process diagram, it can be found that there are two obvious
inflection points in the material, that is, the curling of the material changes significantly
(Figure 7a), these occur at 100 mm and 200 mm of the material’s deformation.

4. Parametric Analysis

Some studies have shown that the main factors that have a great impact on the cutting
force are depth of cutting, width, rake angle, friction coefficient (tensile strength, flow shear
strength), material strength and cutting speed. However, by analysing the buffer force-
stroke curve in Figure 5a, it is found that the cutting speed decreases during the collision
process but the cutting force remains basically unchanged. Therefore, it can be considered
that the average buffer force of the buffer structure under large cutting depth is affected
by the cutting speed. Assuming that the average buffer force F of the energy-absorbing
structure is a function related to the structural parameters of the cutting depth D, the width
W, and the rake angle A, the general model is established as follows: c is constant, x1, x2, x3
are exponent, and σ is material strength (Formula (1)).

F = c× Dx1Wx2 Ax3σ (1)

In order to better reflect the influence of various parameters on the average buffer
force, a total of 28 sets of simulation tests have been designed in this paper. The relevant
parameters and simulation results are shown in Table 2. The average cutting force in the
table is a calculated value. The total kinetic energy absorbed is divided by the total energy
absorption stroke. The Formula (2) is as follows:

F = E/L (2)

The collision simulation deformation diagram and force-displacement curve of each
parameter are shown in Supplementary Materials. It can be seen from Table 2 that the
energy absorption of the material can be changed according to the parameter change. When
the device is applied to a rail vehicle as a shock absorption device, the structural size of
the device can be reversely deduced according to the mass and running speed of the rail
vehicle. Thereby, it can achieve the purpose of protecting rail vehicles.
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Table 2. Simulation parameters and results.

Number/Parameter D1 D2 W S1 S2 S3 A (Rake Angle ◦) Average
Force (kN) Energy (MJ)

1.5 2 4 30 100 100 150 5 252.78 75.8
1.10 2 4 30 100 100 150 10 120.859 36.25
1.20 2 4 30 100 100 150 20 210.468 63.14
1.30 2 4 30 100 100 150 30 208.512 62.55
2.5 1.5 3 20 100 100 150 5 82.814 24.844
2.10 1.5 3 20 100 100 150 10 88.213 26.463
2.20 1.5 3 20 100 100 150 20 89.071 26.721
2.30 1.5 3 20 100 100 150 30 80.296 24.088
3.5 2 4 20 100 100 150 5 114.025 34.207
3.10 2 4 20 100 100 150 10 100.066 30.019
3.20 2 4 20 100 100 150 20 99.568 29.87
3.30 2 4 20 100 100 150 30 77.865 23.359
4.5 2.5 5 20 100 100 150 5 146.878 44.06
4.10 2.5 5 20 100 100 150 10 157.544 47.263
4.20 2.5 5 20 100 100 150 20 110.053 33.015
4.30 2.5 5 20 100 100 150 30 149.801 44.94
5.5 1 2 20 100 100 150 5 123.351 37.005
5.10 1 2 20 100 100 150 10 83.412 25.023
5.20 1 2 20 100 100 150 20 42.691 12.807
5.30 1 2 20 100 100 150 30 50.748 15.224
6.5 2 4 40 100 100 150 5 355.023 106.507
6.10 2 4 40 100 100 150 10 406.753 122.026
6.20 2 4 40 100 100 150 20 383.816 115.145
6.30 2 4 40 100 100 150 30 298.014 89.404
7.5 2 4 50 100 100 150 5 352.693 105.808
7.10 2 4 50 100 100 150 10 230.319 69.095
7.20 2 4 50 100 100 150 20 224.534 67.36
7.30 2 4 50 100 100 150 30 269.777 80.933

4.1. Influence Factors of Average Buffering Force

C, A, and f are all dimensionless constants, σ is the material strength (235 MPa), and A
is the sin value of the rake angle; therefore, in order to make the dimensions on both sides of
the following Formula (3) consistent according to the results of the parametric simulation,
the influence of the three parameters on the average buffer force is analysed respectively.

F = C× x1
ax2

bx3
cσ (3)

According to the results in Table 2, we fit the Formula (4) to obtain the average buffer
force (Formula (5)):

ln F = ln C′ + a ln x1 + b ln x2 + c ln x3 (4)

According to Supplementary Materials, we get the significant degree of influence
W > D2 > A.

F = 235× 0.7859× D2
0.759 ×W1.2246 × (sin A)−0.1584 (5)

4.2. Influence of Dx on Material Properties

Through the obtained parameterization results (Table 3), the influence of each parame-
ter on the mechanical properties of the material is studied. First, the influence of Dx on the
material properties is studied. The W and A values are fixed at W = 20, A = 5. When the
D value changes, the material properties are changed. When D2 changes, the force of the
material shows a fluctuating trend, which indicates that the change of Dx will greatly affect
the performance of the material. Figure 8 shows the cutting zone of variable buffer-force
planing. Figure 9 shows the 3D figure of Dx–energy–force.
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Table 3. Influence of D on material properties.

D2/mm W/mm A/◦ Average Force/kN Energy Absorption/MJ

2 20 5 123.351 37.005
3 20 5 82.841 24.844
4 20 5 114.025 34.207
5 20 5 146.878 44.06
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4.3. Influence of W on Material Properties

We fixed D2 and A so that D2 = 4 and A = 5. We then studied the change of material
properties when the W value changes (Table 4). When W increases, the average force of
the material gradually increases. When the W is 40 and 50 mm, the change of the average
force is not obvious, which indicates that when the width of the cutting material reaches a
certain value, the change of the average force is not obvious. Figure 10 shows the 3D figure
of W–Energy–Force.
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Table 4. Influence of W on material properties.

D2/mm W/mm A/◦ Average Force/kN Energy Absorption/MJ

4 20 5 114.025 34.207
4 30 5 252.78 75.8
4 40 5 355.023 106.507
4 50 5 352.693 105.808

4.4. Influence of A on Material Properties

We fixed D2 and W so that D2 = 4 and W = 20. We then studied the change of material
properties when the A value changes (Table 5). As A increases, the average force of the
material decreases gradually. Figure 11 shows the 3D figure of A–energy–force.

Table 5. Influence of A on material properties.

D2/mm W/mm A/◦ Average Force/kN Energy Absorption/MJ

4 20 5 114.025 34.207
4 20 10 100.066 30.019
4 20 20 99.568 29.87
4 20 30 77.865 23.359

Appl. Sci. 2023, 13, 1596 10 of 13 
 

 

4.3. Influence of W on Material Properties 

We fixed D2 and A so that D2 = 4 and A = 5. We then studied the change of material 

properties when the W value changes (Table 4). When W increases, the average force of 

the material gradually increases. When the W is 40 and 50 mm, the change of the average 

force is not obvious, which indicates that when the width of the cutting material reaches 

a certain value, the change of the average force is not obvious. Figure 10 shows the 3D 

figure of W–Energy–Force. 

Table 4. Influence of W on material properties. 

D2/mm W/mm A/° Average Force/kN Energy Absorption/MJ 

4 20 5 114.025 34.207 

4 30 5 252.78 75.8 

4 40 5 355.023 106.507 

4 50 5 352.693 105.808 

 

Figure 10. Three-dimensional figure of D–energy–force. 

4.4. Influence of A on Material Properties 

We fixed D2 and W so that D2 = 4 and W = 20. We then studied the change of material 

properties when the A value changes (Table 5). As A increases, the average force of the 

material decreases gradually. Figure 11 shows the 3D figure of A–energy–force. 

Table 5. Influence of A on material properties. 

D2/mm W/mm A/° Average Force/kN Energy Absorption/MJ 

4 20 5 114.025 34.207 

4 20 10 100.066 30.019 

4 20 20 99.568 29.87 

4 20 30 77.865 23.359 

 

Figure 11. Three-dimensional figure of A–energy–force.

5. Conclusions

This paper proposed a cutting energy-absorbing structure that can control the buffer
force according to the actual situation and studied the influence factors of the buffer force
of the metal-cutting energy-absorbing structure under high speed and large cutting depth.
A calculation formula of cutting buffer force considering parameters such as material
length, width and cutting inclination was obtained, providing a design basis for variable
cutting-force energy-absorbing structures.

1. A controllable buffering energy-absorbing structure whose buffering force can change
with the stroke was proposed. The mechanical properties and deformation process of
the material were studied by means of experiments and simulations. The influencing
factors of the average force of the metal cutting buffer structure and its influence trend
were described.

2. The calculation formula of an average buffer force considering material strength and
friction coefficient was obtained. As A increases, the average force of the material
decreases gradually. When W increases, the average force of the material gradually
increases, and when the width of the cutting material reaches a value, the average
force does not change significantly. D can greatly affect the properties of the material.

3. Through experiments, it was found that the buffer force of the structure will not
change significantly due to the change of cutting speed. Finally, we obtained the
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significant degree of influence W > D2 > A. We fit the formula to obtain the average
buffer force F = 235× 0.7859× D2

0.759 ×W1.2246 × (sin A)−0.1584.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13031596/s1.
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