
Research Article
Design of Torsion Plate Energy-Absorbing Member and Analysis
of Energy-Absorbing and Anti-Impact Characteristics

Jianzhuo Zhang,1 Hao Guo ,1 Yonghui Xiao ,2 Yishan Pan,2 Biao Jiang,3

Shijie Su,4 and Baojun Ni1

1School of Mechanical Engineering, Liaoning Technical University, Fuxin 123000, China
2School of Physics, Liaoning University, Shenyang 110036, China
3Shandong Yankuang Intelligent Manufacturing Co., Ltd., Zoucheng 273500, China
4China National Coal Group Co., Ltd., Beijing 100120, China

Correspondence should be addressed to Hao Guo; lntu_jxxy_gh@163.com

Received 6 January 2023; Revised 12 March 2023; Accepted 29 July 2023; Published 23 August 2023

Academic Editor: Desmond Adair

Copyright © 2023 Jianzhuo Zhang et al. Tis is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

In order to efectively improve the impact resistance performance of the roadway anti-impact hydraulic support and reduce the
loss caused by rock burst to a certain extent, a torsion plate energy-absorbing member was designed for using with the hydraulic
column. By using theoretical analysis and numerical simulation methods and combining them with the parameters of the energy-
absorbing characteristics evaluation index, single-factor tests were designed. Under the premise of constant impact velocity, the
infuence law of torsion angle, plate thickness, and fllet radius of the pressure plate on the energy-absorbing and anti-impact
characteristics of energy-absorbing members were analysed.Te results show that the deformation process and resistance trend of
the torsion plate correspond to energy absorption. Te resistance stability is high in the reaction force platform stage, and the
energy increases linearly. With the increase of the torsion angle, the mean value of the reaction force increases, the fuctuation of
the reaction force platform stage becomes more obvious, the specifc energy absorption increases linearly, and the standard
deviation reaches the minimum at 480°. Both the tensile length and the length of the reaction force platform stage increase
continuously. With the increase of the plate thickness, the fatness of the torsion plate shows a trend of bad-good-bad, the mean
value of the reaction force gradually increases, the specifc energy absorption grows faster and then slower, and the tensile length
and the length of the reaction force platform stage increase accordingly. With the increase of the fllet radius, the fatness of the
torsion plate is better and the reaction force has a small improvement. Te fuctuation of reaction force is most signifcant when
the fllet radius is 2mm, and the energy-absorbing member has the largest swing. Te specifc energy absorption is highest when
the fllet radius is 2.5mm, the standard deviation shows a tendency to develop frstly decreasing and then stabilising, the tensile
length of the torsion plate decreases slightly, and the length of the reaction force platform frstly increases and then tends to
stabilise. Te torsion plate energy-absorbing member is a more ideal energy-absorbing and anti-impact member, which plays
a positive role in the energy-absorbing and anti-impact of the hydraulic support.

1. Introduction

Mining dynamical disaster is an important factor afecting
coal mining, which determines the production and workers’
lives and safety. Among them, rock burst is one of the
components of mining dynamical disaster [1–4]. Rock burst
is a dynamic disaster caused by the sudden destabilization
failure of coal and rock bodies such as underground working

faces, roadways, and coal pillars [5, 6]. As the shallow coal
seam is exhausted, the coal storage below 600m in China
accounts for more than 75% of the total storage, so it has
become an inevitable trend to deep mining. However, with
the increase of mining depth, the coal body will appear
impact tendency, local stress concentration, coal and rock
structure mutation and geological structure changes, and
other multi-directional factors, resulting in frequent
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occurrence of the rock burst phenomenon. Rock burst can
cause a series of destructive phenomena such as rib spalling
and roof falling, support destruction, roadway collapse, and
facility destruction, and the frequency of rock burst in the
roadway is higher than that in the mining face [7, 8], so
efectively and reasonably mitigating the damage of rock
burst on the support equipment and improving the integrity
of the protection of the support equipment to the working
zone are urgent problems to be solved.

Hydraulic support is an important support device for
underground work, and its support efect determines un-
derground production and workers’ lives and safety. Te
hydraulic supports are equipped with diferent forms of
safety valves. When the loading pressure exceeds the safety
valve adjustment threshold, the safety valve opens auto-
matically and the movable column falls steadily.Tis process
can not only absorb energy but can also efectively provide
displacement. However, the occurrence of rock burst is often
instantaneous, and its power conversion time is less than the
start time of the safety valve. Since the safety valve cannot be
opened quickly, the pressure in the cylinder increases
sharply and the support reaction force generated by the
impact often exceeds the quasi-static load, which will cause
the hydraulic column expansion, bending, and can even
burst cylinder. Eventually the column is damaged, and the
support efect is lost. Pan et al. [9] found that reasonably
increasing the damping of the support equipment can re-
duce the acceleration response amplitude of the overlying
rock blocks adjacent to the supporting system, calm the
dynamic response of the rock block in a short time, and
protect the support from damage. For this reason, they
proposed a rigid-fexible coupling support method and
a fexible energy-absorbing device is installed inside the
support. When the load exceeds the load-bearing threshold
of the energy-absorbing member, the energy-absorbing
member actively gives way to absorb energy, providing
a good time base for the activation of the safety valve. Indoor
and feld tests have proven that this method can reasonably
mitigate damage to the support and the roadway from rock
burst and ensure the integrity of support equipment.

At the present stage, the forms of energy-absorbing
members used mainly include circular ring stacked type,
circular ring expanded type, prefolded induced type, cor-
rugated turned type, thick-walled split curl type, and foam
flled composite structures. To this end, a lot of research has
been conducted by scholars at home and abroad. Dai andMa
[10] modifed the Singace stacking model to investigate the
strain intensifcation efect, strain rate intensifcation efect,
and temperature intensifcation efect on the energy ab-
sorption under impact loading based on the J-C eigen-
structure equation. Tang et al. [11] designed a hexagonal
thin-walled member applied to the top beam of the support.
Te structure had a stable failure mode, constant reaction
force, and high stroke efciency. It had a good energy-
absorbing efect and practical application value. Wang
et al. [12] carried out numerical simulation and experimental
research on circular tubes with one-shaped ribs, cross-
shaped ribs, and Y-shaped ribs, respectively. Tey found
that the deformation of the one-shaped ribs was irregular,

the cross-shaped ribs had the phenomenon of cracking and
defection, and the deformation of Y-shaped ribs was rela-
tively regular. Luo et al. [13] proposed the indefnite pre-
processing of the expansion ring to improve energy-
absorbing efciency and reduce fuctuations for the
energy-absorbing characteristics of thin-walled aluminum
tubes under plastic deformation under quasi-static action.
Xiao et al. [14] verifed the energy-absorbing efect of pre-
folded energy-absorbing members by structural optimiza-
tion, reliability analysis, and feld tests. Zhang et al. [15]
designed a straight bellows outturned energy-absorbing
member, used the energy method to theoretically derive
its deformation resistance, and combined with numerical
simulation to improve the member. Te improved energy-
absorbing member has constant resistance characteristics,
and the theoretical calculation and numerical simulation
results reach match. Qi et al. [16] studied the failure mode
and energy-absorbing characteristics of an axisymmetric
conical multicellular thin-walled square tube under diferent
impact angles and ftted analytical formulas that can be used
to predict specifc energy absorption and impact peak force
under oblique impact, which provided reference and basis
for such structural design.

Tere are various forms of energy-absorbing members,
but there are various problems, such as thin-walled cir-
cular ring energy-absorbing members, which have fuc-
tuations in the reaction force during axial collapse,
uncertainty in the location of the yield point, Euler in-
stability, and other phenomena. Prefolded induced
energy-absorbing members have improved compared to
circular ring members, but there is still a signifcant “W”
fuctuation efect. Te inversion type member has a weak
point tearing phenomenon during the actual force de-
formation process. Te splitting curl type of energy-
absorbing member has various forms of splitting in its
middle section, which cannot develop according to the
prescribed trend.Te foammetal type of energy-absorbing
member has high cost and low energy-absorbing efciency.
In view of the abovementioned problems of energy-
absorbing members, in this study, an energy-absorbing
member based on a torsion plate was proposed, which
absorbed dissipated impact energy by torsional de-
formation of the torsion plate according to the prescribed
trend, and it improved the anti-impact performance of the
support. It is simple to process, easy to install, and easy to
carry. It has stable reaction force and excellent energy-
absorbing efect. It can be reasonably matched with the
number of installations based on the requirements,
according to the single-factor test method, to study its
energy-absorbing and anti-impact characteristics.

2. Design and Evaluation of Energy-
Absorbing Members

2.1. Requirements for Energy-Absorbing Members and Eval-
uation Parameters of the Anti-Impact Support. When there
are no dynamic disasters in the mine roadway, the support
system often bears quasi-static loads. But when rock burst
occurs, due to the energy accumulated in the coal and rock
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body being transferred to the support system in a short time,
the support members are subjected to the instantaneous
impact or large load. So, according to the actual working
conditions, the design and selection of energy-absorbing
members should meet the following requirements:

① Te member should have a more reasonable fex-
ural critical resistance Fmax: the working conditions
of the member mainly include quasi-static load and
dynamic load. Under the action of quasi-static load
or small impact dynamic load, the member should
have a better bearing capacity. When the impact
load reaches the critical resistance, it rapidly de-
forms and absorbs energy, achieving the protection
of the member. Te threshold value should theo-
retically be between the working resistance of the
column and the impact damage load of the column
and other members. According to the relevant
national standards, the value should be between 1
and 1.5 times of the working resistance of the
column.

② Larger energy-absorbing capacity and higher re-
action force: the energy-absorbing process is an ir-
reversible energy dissipation mode. Tis process
dissipates rapidly the energy released by the rock
burst in other forms of energy such as deformation
energy and heat energy to complete the protection
efect on the hydraulic support. Te total energy E
and the mean value of the reaction force Fmean are as
follows:

E � 
x

0
F(s)ds,

Fmean �
E

x
.

(1)

Here, F(s) is the value of the diferent support
reactions of the energy-absorbing member during
the load-bearing process; x is the displacement
during the deformation of the energy-absorbing
member.

③ Te energy-absorbing member should have a long
let-of stroke: on the one hand, the long let-of stroke
can improve the efective energy absorption, and on
the other hand, it can also provide the hydraulic
support with the larger let-of energy consumption
space and the longer let-of time, which also provides
a guarantee for the efective opening of the safety
valve. Te efective let-of stroke is the distance
reached when the reaction force increases to the
initial peak Fmax in the process of deformation of the
member.

④ High specifc energy absorption: specifc energy ab-
sorption refers to the ratio of the total amount of
energy absorbed under load to the mass of the
member. Tat is the efciency of energy absorption
per unit mass, the greater the SEA refects, the better
the energy absorption efect and the opposite is the
worse the efect.

SEA �
E

m
. (2)

⑤ Stable reaction force: energy-absorbing members
should be able to provide a relatively smooth bufer
protection to the support system during the process
of energy absorption of collapse.

σ �

������������������������
1

x2 − x1


x2

x1
F(s) − Fmean( 

2
ds



. (3)

Here, x1 and x2 are the initial and end positions of the
deformation process of the energy-absorbing mem-
ber, respectively.

⑥ Longer reaction platform length: energy-absorbing
members should have a longer reaction platform
length s, to increase the absorption of the members.

⑦ Te deformation of the energy-absorbing members is
repetitive and controllable, under conditions of
varying structural parameters in order to adapt to
diferent working environments and be easy to
install.

2.2. Design of Torsion Plate Energy-Absorbing Members.
Te design of the torsion plate energy-absorbing member
aims to “straighten” the torsion plate by means of a mobile
pressing plate to restore the torsion plate to a nearly straight
state, through the process of the plastic deformation of the
torsion plate to complete the energy absorption. Te
member consists of a deformation torsion plate, a fxed box,
and a mobile pressing plate. Te torsion plate is pretreated
with a straight steel plate, and the torsion angle is set to
deform the plate in advance. In order to achieve the fxation
of the energy-absorbing member, the end of the torsion plate
is welded with a “T” shaped tab end, while the lower end of
the fxed top plate of the outer box is welded with a “T”
shaped slot. Te mobile pressing plate is a steel plate with
a certain thickness, and a rectangular hole matching the size
of the “T” tab end is opened at the centre of the steel plate. As
the border of the rectangular hole is right angle, in the
process of contacting with the torsion plate, the smaller
contact area will damage the pressing plate member to
a greater extent, so the lower port boundary of the rect-
angular hole is rounded, as shown in Figure 1. Te assembly
diagram of the energy-absorbing member is shown in
Figure 2. Te torsion plate deformation form is stable, and
the deformation state of the whole deformation process is
consistent, so in the deformation process it can achieve
a stable reaction force efect. Its ideal deformation process is
shown in Figure 3. Te torsion plate is simple to process and
is easy to carry and assemble, and the number of torsion
plates can be adjusted according to the load required to
achieve the energy-absorbing efect. Only the core member,
the torsion plate, needs to be replaced during replacement.
Tis structure can be used in various positions, such as above
the top beam of the hydraulic support, at the side shields,
etc., all of which can efectively play a role in energy ab-
sorption and have a wide range of applications. In the design
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of the member, the total length of the torsion plate is defned
as L, the cross-sectional length is defned as h, the cross-
sectional width, i.e., the thickness of the torsion plate is
defned as b; the torsion angle is defned as θ. Te torsion
angle is the angle between the edge line of the bending
section at the beginning of the plate and the end of the
bending section; the fllet of the pressing plate port is defned
as r. Te initial structural parameters are defned in Table 1.

3. Theoretical Analysis of Torsion Plate Energy-
Absorbing Anti-Impact Members

As shown in Figure 4, this is a side view of the energy-
absorbing member, where Figure 4(a) is the initial position
of the energy-absorbing member, and Figure 4(b) is the
initial contact position between the pressing plate and the
torsion plate. Now, taking the centre of the initial de-
formation position of the torsion plate as the coordinate

origin, along the axial downward direction as the X-axis,
along the thickness of the torsion plate cross-section di-
rection as the Y-axis, along the length of the torsion plate
cross-section direction as the Z-axis, establishing the co-
ordinate system as shown in the fgure. Te amount of
torsion plate drop is Δx. Te torsion plate extends down-
wards in a spiral shape so that in the Y and Z directions, the
centreline extension of the torsion plate obeys the sine curve
function and the cosine curve function, where the total
length of the torsion plate is L and the torsion angle is θ.

Terefore, its centreline extension of the torsion plate in
the Y direction is

Anti-defection column

Connection ring

Support pin

Energy absorbing 
components

Anti-defection cylinder

Articulating head Support box

Turning plates

Mobile platen

Perspective view

Figure 2: Energy-absorption device assembly diagram.

Fixed box top plate

Mobile platen
Enlarge flip view

"T" shaped slot

Turning plate

h

b L

r

Figure 1: Torsion plate energy-absorption member.

Figure 3: Te ideal deformation process of the torsion plate.

Table 1: Initial structural parameters of the energy-absorbing
member.

L (mm) h (mm) b (mm) θ (°) r (mm)
200 50 5 480 3
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f(x) �
h

2
sin

πθ
180∘ · L

x . (4)

Similarly, the centreline extension of the torsion plate in
the Z direction is

f(x) �
h

2
cos

πθ
180∘ · L

x . (5)

As shown in Figure 5, the BD section is the fllet section
of the pressing plate. When the pressing plate touches the
torsion plate, the two intersect at the point O2, and at this
time, the coordinate of the O2 point is (x,
h/2 sin((πθ/180∘ · L)x) + b/2). Te pressing plate is tangent
to the torsion plate at the intersection position, and their
slopes are the same. Taking the initial position of the
pressing plate fllet B as the origin, to solve the slope of the
BD section, t is the length of the BD section from the
transverse coordinate of point B. So, the slope of the BD
section of the pressing plate is as follows:

f
′
(t) �

t
������
r
2

− t
2

 . (6)

Torsion plate slope:

f
′
(x) �

πθh

360∘ · L
cosx. (7)

When the two are in contact, the angle between the
tangent line and the horizontal direction is α. Based on the
two-dimensional relationship, we know that

CD � r − r · sin α � r(1 − sin α),

AB � r − r · cos α � r(1 − cos α).
 (8)

Te energy absorption of the torsion plate deformation
follows the law of conservation of energy. Due to the
complex deformation of the torsion plate structural mem-
bers, the force analysis is more difcult, so the theoretical
inversion of its support reaction force is based on the law of
conservation of energy. Te ratio of the thickness of the
torsion plate member to the total length of the plate is within
0.01 to 0.2, so it is a thin plate member [17, 18]. Based on the

thin flm comparison principle, the plates follow the con-
tinuity assumption, the homogeneity assumption, and the
isotropy assumption in terms of material and Kirchhof’s law
in terms of deformation [19, 20]. Te plate is transformed
into a predetermined state by torsion on the basis of initial
fatness. In the calculation of the torsion of a rectangular
plate, when the boundary conditions are x � ±b/2,
y � ±h/2, the boundary stress function satisfes ψb � 0. But
at this time, the gradient function of Poisson’s equation
∇2ψ � −2Gφ is not satisfed. It is difcult to determine the
torsional stress function under this condition, so the Poisson
equation is frst calculated as a special solution and trans-
formed into the Laplace equation [21–24], based on which
the special solution is calculated as

ψ(x, y) � ψ0(x, y) − Gφ y
2

−
b
2

4
 . (9)

For plate side boundary conditions ψb � 0, the boundary
conditions need to be satisfed:

ψ0 ±
b

2
, y  � Gφ y

2
−

b
2

4
  x � ±

b

2
,

ψ0 x, ±
h

2
  � 0 y � ±

h

2
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(10)

X

Y

(a)

X

Y

Δx

(b)

Figure 4: Side view of the energy-absorbing member.
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Direction 
of motion

Turning plate
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r

r
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α
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D
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f
F (t)

FY 
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Figure 5: Torsion plate-pressing plate contact diagram.
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Te plate cross-section is symmetrical about the axes X
and Y, so the torqueM is antisymmetric about the axes, and
substituting the above equation gives

X
″

X
� −

Y
″

Y
� λ2. (11)

By Laplace transform, it follows that

X � A cosh λx + B sinh λx,

Y � C cos λxy + D sin λy.
 (12)

Te linear superposition of the special solutions gives the
stress function general solution as

ψ0(x, y) � 

∞

0
Ancosh

(2n + 1)π
b

x cos
(2n + 1)π

b
y. (13)

Te expression of the stress function is

ψ(x, y) � 
∞

0
(−1)

n+1 8b
2
Gφ

(2n + 1)
3π3

2 coshλnx

coshλna

− Gφ y
2

−
b
2

4
 .

(14)

At this point, the boundary torque of plate deformation
is

M � 2B
S
ψdx dy �

1
3

Gb
3
hφ

−
129Gb

4φ
2π5



∞

0

1
(2n + 1)

5 tan λn

h

2
.

(15)

It is calculated through its maximumpoint of rated force,
the torsion angle per unit length and the maximum torsional
shear stress are, respectively,

φ �
M

Gb
3
hk

,

τmax �
M

b
2
hα

.

(16)

When the torsion plate changes from the initial state
to the torsion state, the point of action of the external
force acts on the boundary of � ± h/2. Te deformation
force is

Fb �
M

h
. (17)

During the process of the torsion deformation of the
torsion plate, its axial pressure load work is all converted into
plastic deformation work. Considering that the plastic de-
formation of the torsion plate is mainly divided into two
parts, the frst part is the torsion work of the torsion plate
cross-section and the second part is the torsion plate axial
tensile work. According to the law of conservation of energy,
we have

dWF � dWA + dWB, (18)

where dWF is the axial pressure load work increment; dWA

is the torsion energy increment of the torsion plate; dWB is
the increment of tensile work on the torsion plate by fric-
tional action. Te total work of axial pressure load is

dWF � F(t)dL, (19)

where F(t) is axial pressure variable loads; dL is the length of
axial pressure action.Te total work of torsion of the torsion
plate is as follows:

dWA � 2 × FN(t) × dL,

M � FNr(h),
(20)

where r(h) represents the torsion radius of the torsion plate
at diferent positions.Te torsion radius will change position
as the torsion plate deforms:

dWA � 
L

0
2 ×

Ghb
3
kθπ

180∘r(h) sin 2α
dL. (21)

Total work of friction stretching:

dWB � μ
L

0
2 ×

Ghb
3
kθπ

180∘r(h)2 sin α
dL,

dWF � 
L

0

Ghb
3
kθπ

90∘r(h) sin 2α
dL + μ

L

0

Ghb
3
kθπ

90∘r(h)2 sin α
dL

�
1

sin 2α
+

μ
2 sin α

  
L

0

Ghb
3
kθπ

90∘r(h)
dL.

(22)

Te pressure plate in the process of downward move-
ment on the torsion plate produces friction so that the
torsion plate produces axial tensile load, and its tensile
length is Δl. During the design and study of the torsion plate,
Δl should be reduced as much as possible so that the reaction
force is more used in the torsion process of the torsion plate
members, while the reduction of the possibility of the torsion
plate is pulled of, where the torsion plate tensile length is

∆l � 
n

i�1

μFNli
cos αEiAi

. (23)

4. Simulation Study of Torsion Plate Energy-
Absorbing Anti-Impact Members

4.1. Simulation Parameter Setting. Te study used the
ABAQUS dynamic display algorithm to simulate the torsion
plate straightening and fexure process and defned the
torsion plate material as Q235 and the pressing plate ma-
terial as 45 Steel. Both parameters are shown in Table 2. Te
torsion plate is the main deformation member, in the
process of plastic deformation subjected to compressive and
tensile stresses, the deformation is a large deformation, so
the stress intensifcation stage is considered. In the process of
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defning the plastic properties of Q235, the hardening mode
is chosen to be isotropic. Te yield strength of Q235 is
235MPa, the tensile strength is 441–550MPa, the upper
limit of the real stress of the material is taken to 515MPa,
and the real stress-strain values are written in Table 3. Te
analysis and calculation are performed by using the explicit
dynamic analysis method, and the time length is set to 0.05 s.
Te tangential behaviour of the interaction is set as penalty
friction, and the friction coefcient is 0.25. Te normal
behaviour is hard contact, and the interaction type is defned
as generic contact. Te boundary of the torsion plate
member is defned as completely fxed. Te pressing plate is
restricted to all degrees of freedom except for axial move-
ment, the distance of negative motion of the pressing plate
along the Y-axis is 200mm, and the amplitude is in the form
of linear growth. Both the torsion plate and the pressing
plate are meshed with the hexahedral structured mesh,
which can efectively improve the efciency and accuracy of
the simulation. Te mesh cell type is Explicit-C3D8R eight-
node linear hexahedral cells for the advanced algorithm of
hexahedral mesh cell division.Temesh size is set to 0.1mm,
which can efectively ensure that the mesh layer at each
position of the global structure is not less than 4 and enhance
the accuracy of numerical simulation. After the mesh
checking, the total number of meshes is 108096, the number
of analysis errors is 0, the number of warnings is 3.75%, and
the mesh division efect is good.

4.2. Simulation Results and Analysis

4.2.1. Deformation Process and Stress Analysis. As shown in
Figure 6 is the torsion plate energy-absorbing member
deformation stress cloud diagram. From the fgure, it can be
seen that the pressing plate will move with a constant impact
velocity when it is not in contact with the torsion plate.
When the pressing plate contacts the torsion plate, the
torsion plate boundary begins to occur as initial de-
formation, and at this time, the torsion plate is subjected to
the stress of 318.4MPa. As the pressing plate continues to
move down, the torsion plate is reverse torsion, and at this
time, the stress rapidly increases to 515MPa near. After the
deformation of the initial section of the torsion plate, the
efect of the subsequent section is the same as that of the
initial section. From Figures 6(c)–6(e), it can be seen in the
right part of the torsion plate in the centre line direction that
there is an obvious scratch phenomenon and the scratch
point is not in the right side of the torsion plate. Due to the
deformed part being afected by the internal material elas-
ticity recovery ability, after becoming nearly rectangular, it
will continue to realise torsion variation and the torsion
plate from left to right is approximately an sinusoidal wave.
So, the lower end of the torsion plate begins to gather inward
at the contact position with the pressing plate. As shown in

Figure 7, at this time, the internal stress of the torsion plate
gradually increases. When the pressing plate is lowered to
about 60mm, the deformation of the torsion plate remains
consistent, and no cohesion occurred at the location of the
scratches. It is proved that after 60mm, the stress does not
occur as a large step phenomenon and the deformation of
the torsion plate is stable until moved to the specifed po-
sition. During the pressing plate moving down, the pressing
plate in addition to make the torsion plate occur plastic
deformation to reverse torsion, due to the relativemovement
of the two will produce friction, the friction will produce the
downward tensile stress on the torsion plate to produce
tensile plastic deformation of the torsion plate. At the end of
the pressing plate stroke, the part of the torsion plate is not
involved in energy absorption. As shown in Figures 6(a) and
6(e), the distance diference is 36.54mm in the fgure. Te
tensile plastic deformation is within the tensile limit of the
material, so the material will not be pulled of due to lon-
gitudinal stretching, and the remaining part of the length
which is not involved in the torsion is still able to continue to
participate in the energy absorption. As the torsion length of
the torsion plate increases, the stress in the middle section
decreases, and only in the section that contacts the pressing
plate, the stress value is higher and remains stable. Te top
part of the torsion plate is welded to the “T” shaped tab, and
the stress at the weld is less. Tis position can efectively
withstand the stress caused by the deformation and ensure
that the end is not pulled of.

4.2.2. Reaction Force and Energy. Te reaction force-energy-
displacement curve of the deformation process of the torsion
plate energy-absorbing member is shown in Figure 8. From
the fgure, it can be seen that the trend of resistance change
during the deformation of the torsion plate by the downward
pressure of the pressing plate can be roughly divided into
four stages. At the frst stage, resistance increases to 17.5 kN
at the initial stage of deformation. During the process, the
pressing plate is elastic deformation and the reaction force
rises linearly and rapidly. Te second stage is the initial
plastic deformation stage. At the stage, the material of the
torsion plate is plastic deformation, and the material occurs

Table 2: Material properties.

Materials Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio Yield stress (MPa)
Q235 7830 210 0.274 235
45Steel 7890 209 0.269 355

Table 3: Q235 true stress strain value.

Real stress σt (MPa) Real strain εt
235 0
281 0.0235
329 0.0474
409 0.0935
427 0.1377
515 0.1377
515 0.18

Shock and Vibration 7



S, Mises
(Avg: 75%)

+5.150e+08
+4.721e+08
+4.292e+08
+3.863e+08
+3.433e+08
+3.004e+08
+2.575e+08
+2.146e+08
+1.717e+08
+1.288e+08
+8.583e+07
+4.292e+07
+0.000e+00

(a)

S, Mises
(Avg: 75%)

+5.150e+08
+4.721e+08
+4.292e+08
+3.863e+08
+3.433e+08
+3.004e+08
+2.575e+08
+2.146e+08
+1.717e+08
+1.288e+08
+8.583e+07
+4.292e+07
+0.000e+00

(b)

S, Mises
(Avg: 75%)

+5.150e+08
+4.721e+08
+4.292e+08
+3.863e+08
+3.433e+08
+3.004e+08
+2.575e+08
+2.146e+08
+1.717e+08
+1.288e+08
+8.583e+07
+4.292e+07
+0.000e+00

(c)

S, Mises
(Avg: 75%)

+5.150e+08
+4.721e+08
+4.292e+08
+3.863e+08
+3.433e+08
+3.004e+08
+2.575e+08
+2.146e+08
+1.717e+08
+1.288e+08
+8.583e+07
+4.292e+07
+0.000e+00

(d)
S, Mises
(Avg: 75%)

+5.150e+08
+4.721e+08
+4.292e+08
+3.863e+08
+3.433e+08
+3.004e+08
+2.575e+08
+2.146e+08
+1.717e+08
+1.288e+08
+8.583e+07
+4.292e+07
+0.000e+00

(e)

Figure 6: Deformation stress cloud diagram of torsion plate energy-absorbing member. (a) Contact point. (b) Force stability. (c) 100mm.
(d) 150mm. (e) 200mm.
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Figure 7: Te contact position of the pressure plate and the torsion plate. (a) Initial contact section location. (b) Process contact section
location.
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yielding, so the support reaction force remains in the stable
interval. Tis stage guides the lower end of the torsion plate
to have a stable deformation tendency and plays a role in
guiding the deformation. When the initial deformation
point passes through the pressing plate, the initial stage of
deformation is completed. At the third stage, the pressure
gradually increases from 18.2 kN to 45.0 kN. Tis stage
represents the inward convergence of the contact points of
the torsion plate and the pressing plate. Te deformed part
generates a reverse torque on the undeformed part, and the
contact point gradually moves inward. Due to the contact
point moving inward, the torsion deformation bending
moment of the torsion plate decreases, so the external force
of this stage gradually increases. At the same time in the
process, the material shows a stress intensifcation phe-
nomenon as the stress increases, so there will be a reaction
force climbing stage. Te fourth stage is the stable de-
formation stage of the torsion plate. Te reverse torque
generated by the deformed part remains constant during this
stage, so the position of the contact point between the
undeformed part and the pressure plate is stabilised around
the same position. At this time, the deformation torque of
the torsion plate remains unchanged, so the support reaction
force of the torsion plate deformation remains stable. When
the pressure plate continues to move down, the resistance of
the torsion plate deformation remains unchanged until the
movement of the pressure plate stops. Te energy-absorbing
member can produce a stable support reaction force, the
fuctuation of the support reaction force is small, and there is
no obvious pressure peak point. Terefore, the energy-
absorbing performance of this member is reasonable, and
it is an ideal energy-absorbing member. During the design
and selection of the energy-absorbing member at the bottom
of the hydraulic column, it is ensured that the working
resistance of the hydraulic support should be in the stage of
the reaction force climbing of the energy-absorbing mem-
ber. When the value of the reaction force is determined, the
torsion plate energy-absorbing member can be pressed

down to this position in advance, which ensures that the
reaction force platform value of the energy-absorbing
member is stabilised at around 1.5 times the working re-
sistance of the support and achieves the optimal energy-
absorbing efect. Te energy absorption is divided into three
stages. Te frst stage is the initial deformation stage of the
torsion plate, which corresponds to 6∼16mm.Te resistance
has only a small climb, and the energy absorption increases
almost linearly. At the second stage, the deformed torsion
plate is torsionally deformed by the torque of the upper
torsion plate which makes the contact point between the
torsion plate and the pressure plate move inward. With the
moving distance of the pressure plate increasing, the dis-
tance of inwardmovement of the contact point increases and
the torsional bending moment decreases, which makes the
change of resistance rise continuously. As the downward
pressure distance increases, the absorbed energy increases
nonlinearly. Te third stage is the stable stage of the torsion
plate deformation.Te position of the contact point remains
constant, the torsional torque remains constant and the
resistance of the member remains constant. With the
compression distance increasing, the energy-absorbing ca-
pacity increases linearly.

4.2.3. Evaluation Indicators. Energy absorption evaluation
indicator parameters are shown in Table 4. Te mean load
accounts for 85.83% of the maximum load, the total
absorbed energy is 8.13 kJ, and the specifc energy absorption
is 20.72 kJ/kg. In this study, the dynamic characteristics of
the torsion plate are mainly considered. Terefore, during
the analysis of the specifc energy absorption, only the mass
of themain body of the torsion plate is taken into account for
the calculation and analysis, and the mass of the other
members of the energy-absorbing device under the assembly
conditions is not considered. Te value of specifc energy
absorption is relatively signifcant compared to other forms
of energy-absorbing members. Te residual amount of the
end of stroke section is 36.54mm, which is 18.27% of the
total original length. In this study, the fuctuation of the
reaction force platform stage of the torsion plate energy-
absorbing member is analysed, and the standard deviation of
the support reaction force of the 100mm∼200mm length is
taken as the evaluation indicator of the fuctuation of the
support reaction force of the plate.Te standard deviation of
the reaction force in the platform stage is 490.8N. Te
simulated pseudostrain energy is 731.05 J, accounting for
8.99% of the total energy, which does not exceed 10% of the
total energy, and its fuctuation is small.

5. Single Factor Variable Studies

Te structural parameters of the energy-absorbing members
are important infuencing factors that afect the impact
energy-absorbing characteristics of the structural members,
and they are also an important basis for the selection of the
energy-absorbing members. In this section, the mean value
of reaction force, swing displacement, energy absorption,
specifc energy absorption, torsion plate tensile length,
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standard deviation of platform reaction force, and length of
reaction platform stage are used as the measurement indexes
to investigate the infuence of variation of torsion angle θ,
plate thickness b, and fllet radius r on the impact energy-
absorbing characteristics of structural members. Te design
tests are shown in Table 5.

5.1. Efect of Torsion Angle on the Impact Energy Absorption
Characteristics. Under the conditions of impact velocity of
4m/s, total length of 200mm, plate thickness of 5mm, and
fllet radius of 3mm, the simulation studies were carried out
for torsion plates with torsion angles of 240°, 360°, 480°, 600°,
and 720°. As shown in Figure 9 for diferent torsion angle
conditions under the pressure plate displacement 200mm
energy-absorbing members stress cloud diagram. From the
fgure, it can be seen that when the torsion angle is small,
such as 240° and 360°, after the pressure plate is pressed, the
torsion plate appears to continue to rotate after the fattening
phenomenon. As the torsion angle decreases, the more
obvious the rotational phenomenon after the pressure plate
is pressed. Tis phenomenon is due to when the torsion
angle is small, in its horizontal cross-section of the de-
formation moment is small, only in the torsion plate and
pressing plate contact position has occurred plastic de-
formation, and the torsion plate in the middle of the position
of the stress is small. It did not occur obvious plastic de-
formation, still has the elastic capacity. Terefore, after the
deformation at both ends, the middle section has the per-
formance of maintaining the original state, and by the role of
the bending moment of the pressure plate below to restore
the torsion, the middle section has no obvious deformation.
With the increase of the torsion angle, the pressure plate in
the torsion of the torsion plate will produce a greater torque.
Tis torque causes plastic deformation in the contact section
between the torsion plate and the pressing plate. After the
press plate has moved, the torsion plate that has deformed
plastically above it loses its ability to return to its original
state, and therefore, no recovery torsion occurs. In addition,
when the torsion angle reaches 600°, the torsion plate swings
signifcantly when the press plate is pressed down. Tis
phenomenon is due to the fact that the torsion plate is
subjected to excessive stress concentration at a certain point,
which causes the plate to develop a stage of scratches. Te
torsion plate gives way in the direction of the other side and
then repeats the phenomenon on the other side. Te con-
tinuous overlapping of this phenomenon causes the torsion
plate to swing. Te swinging phenomenon causes the
magnitude of the reaction force to fuctuate, which is not
conducive to the yielding of the system and should be
avoided as much as possible.

Te reaction force-displacement curves of the energy-
absorbing members under diferent torsion angles are
shown in Figure 10. As can be seen from the fgure, each

energy-absorbing member has elastic deformation stage,
yield deformation stage, reaction force raising stage, and
platform stage. Tere is no obvious peak pressure point or
resistance drop in the members, and the platform stage is
longer and smoother. As the torsion angle increases, the
reaction force reaches the platform stage faster, and the
mean values of reaction force under the fve conditions are
8.99 kN, 24.82 kN, 40.58 kN, 47.86 kN, and 50.91 kN, re-
spectively. When the torsion angle is 240°, the plate does
not undergo all plastic deformation during torsion. It
entered the platform stage directly after the elastic de-
formation stage. Te platform reaction force is stable, but
the value is too small and the support ability is poor.
Torsion angle in 360° and 480° under the two conditions of
the reaction force without obvious fuctuations, more
stable, and with the increase of the torsion angle reaction
force gradually increased. When the torsion angle reaches
600°, the reaction force platform stage appears as an
obvious fuctuation phenomenon. Considering this phe-
nomenon is due to the increase in the torsion angle, the
counterforce is elevated, and its cross-section torsion
force FN increases, while the pressure plate will scratch the
torsion plate in the process of moving down. Torsion plate
side of the plastic deformation gives way to make the
nonplastic deformation section swing, resulting in the
appearance of the stage of the scratch, the reaction force
with the swing of the torsion plate fuctuation phenom-
enon, fuctuation phenomenon is not conducive to the
efective support of the torsion plate.

As shown in Figure 11, the energy absorption curves of the
energy-absorbingmembers at diferent torsion angles, from the
fgure can be seen, the fnal energy absorption of the fve groups
of members are 1.80 kJ, 4.98 kJ, 8.13 kJ, 9.59 kJ, and 10.8 kJ. In
the frst half of the stage, with the increase of the torsion angle,
the energy absorption of the members gradually increases.
When the torsion angle exceeds 480°, torsion plate reaction
force fuctuations occur and the trend in energy growth has
slowed down, but it can still be linearly increased.

Te bottom surface centre point along the torsion plate
cross-section width direction swing displacement is shown
in Figure 12. As can be seen from the fgure, when the
torsion angle of 240°, the torsion plate there is only a very

Table 5: Test design.

Test number Torsion angle
θ (°)

Plate thickness
b (mm)

Fillet radius r
(mm)

1 240 5 3
2 360 5 3
3 480 5 3
4 600 5 3
5 720 5 3
6 480 3 3
7 480 4 3
8 480 6 3
9 480 7 3
10 480 5 2
11 480 5 2.5
12 480 5 3.5
13 480 5 4

Table 4: Energy absorption evaluation indicator parameters.

Fmax (kN) Fmean (kN) E (kJ) SEA (kJ/kg) Δl (mm) σ (N)
47.3 40.6 8.13 20.72 36.54 490.8
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small swing displacement of 0.69mm, and in the early swing
after the tendency to stabilise, the position does not change.
With the increase of the torsion angle, the torsion plate
member of the swing phenomenon is obviously strengthened,
360° of themaximum swing amplitude of 1.03mm, 480° of the
maximum swing amplitude of 1.40mm, both in the preswing
after the stabilisation. When the torsion angle reaches 600° or
more, torsion plate deformation appears as an obvious stage
scratch phenomenon, plate side of the stress concentration
will give way to the other side so as to repeat the phenomenon
of swing, and with the increase of the torsion angle, the swing
amplitude rises signifcantly. Te maximum swing amplitude

of 600° and 720° is 3.31mm and 3.99mm, respectively. Te
increase in the amplitude of the swing has a negative efect on
the stability of the energy absorption.

Te standard deviation of reaction force and specifc
absorption energy curves at diferent torsion angles are
shown in Figure 13. As can be seen from the fgure, with the
increase of the angle, the SEA gradually increases and slows
down. Te change trend of specifc absorption energy is the
same as that of energy. As the torsion angle increases, the
reaction force increases, but the swing trend is obvious, so
the energy increases slower and the SEA increases slower as
well.Te standard deviation of the reaction force is a nonlinear
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Figure 9: Stress cloud diagram of members with diferent torsion angles. (a) θ� 240°. (b) θ� 360°. (c) θ� 480°. (d) θ� 600°. (e) θ� 720°.
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trend, when the torsion angle is small, the torsion platemember
did not occur completely plastic deformation, it is part of the
region of elastic deformation of the branch reaction force will
produce small fuctuations in the phenomenon, increasing its
standard deviation.When the torsion angle is between 360° and
600°, the energy-absorbing member has undergone good
plastic deformation and has not produced an elastic recovery
phenomenon, so the platform reaction force is more stable in
this range. When the torsion angle exceeds 600°, due to the
increase of FN, the torsion plate has obvious scratches and
swing yielding phenomenon, resulting in obvious swinging
phenomenon of the reaction force, and the standard deviation
has a larger value up to 1155.6N, which afects the smoothness
of energy absorption.

As shown in Figure 14 is the tensile length and the length
of the reaction platform stage graph. It can be seen from the
fgure, with the increase of the torsion angle, the clamping

angle between the pressure plate and the torsion plate is
increasing, and the compressive stress perpendicular to the
direction of the torsion plate is higher. As the friction co-
efcient is certain, the downward tensile stress of the torsion
plate under the infuence of friction gradually increases. In
the process of plastic deformation of the torsion plate, the
torsion plate also undergoes axial tensile deformation, and
the tensile length increases linearly with the rotation angle of
the torsion plate. Te tensile lengths under the fve condi-
tions are 3.24mm, 14.33mm, 34.68mm, 54.35mm, and
72.44mm, respectively. Te occurrence of this stretching
phenomenon is not favourable for the energy absorption of
the energy-absorbing members. As the tensile stress in-
creases, the torsion plate will appear to be pulled of, so the
occurrence of the tensile phenomenon should be minimised.
When the torsion angle is 240°, the torsion plate is only in the
boundary of plastic deformation, most of the torsion plate
internal elastic deformation, so the torsion plate of the
platform reaction force for the elastic force to support, the
reaction force is smaller, through the reaction force peak
point directly into the platform stage. With the increase of
the torsion angle, the torsion plate undergoes plastic de-
formation in more areas, and there are four obvious stages of
the elasticity-yield-climbing-platform in the torsion process.
Te distance to reach the platform stage gradually decreases,
so the length of the counterforce platform gradually in-
creases, and the length of the counterforce platform between
the torsion angles of 360°∼720° are 116mm, 132mm,
141mm, and 156mm. Te increase in the length of the
counterforce platform can efectively increase the energy
absorption capacity and enhance the efect of the anti-
impact energy absorption.

5.2. Efect of Plate Tickness on Impact Energy Absorption
Characteristics. Under the conditions of impact velocity of
4m/s, total length of 200mm, torsion angles of 480°, and
fllet radius of 3mm, the simulation studies were carried out
for plates thicknesses of 3mm, 4mm, 5mm, 6mm, and

Sw
in

g 
di

sp
la

ce
m

en
t (

m
m

)

50 100 150 2000
Displacement (mm)

-4

-2

0

2

4

θ=240°
θ=360°
θ=480°

θ=600°
θ=720°

Figure 12: X-direction swing displacement diagram of members
with diferent torsion angles.

SE
A 

(k
J/k

g)

360 480 600 720240
Rotation angle (°)

400

600

800

1000

1200

St
an

da
rd

 d
ev

ia
tio

n 
of

 re
ac

tio
n 

fo
rc

e (
N

)

Standard deviation of reaction force
SEA

5

10

15

20

25

30

Figure 13: σ-SEA curve of members with diferent torsion angles.

Te
ns

ile
 le

ng
th

 (m
m

)

360 480 600 720240
Rotation angle (°)

0

20

40

60

80

120

140

160

180

 L
en

gt
h 

of
 re

ac
tio

n 
pl

at
fo

rm
 se

ct
io

n 
(m

m
)

Length of reaction platform section
Tensile length

Figure 14: Δl-s curve of members with different torsion angles.

12 Shock and Vibration



7mm. Figure 15 shows the stress cloud of the energy-
absorbing member under diferent plate thicknesses with
200mm displacement of the pressure plate. From the fgure,
it can be seen that in the process of moving down the
pressure plate, the torsion plate and the pressure plate
contact location are obvious plastic deformation. When the
plate thickness is thin, its torsion radius is large and the
bearing capacity is low. After the deformation of the torsion
plate, there is an elastic recovery phenomenon so that the
fatness of the structural components is reduced, and the
swing phenomenon of the overall plate appears. As the plate
thickness increases, the fatness of the plate is improved, but
it is more likely to appear in the stage of the scratch phe-
nomenon, and the width of the scratch gradually increases.
Its torsional moment gradually decreases, so the force re-
quired to provide deformation increases, resulting in a larger
plastic deformation region, the higher the fatness. When the
yield phenomenon occurs, a unilateral scratch buildup oc-
curs, causing an increase in stress. Te plate afected by the
stress appears to swing, and the reciprocating motion ap-
pears to stage the scratch phenomenon. Tere is a certain
inherent frequency of this phenomenon, which is not
conducive to anti-impact energy absorption.

As shown in Figure 16, the reaction force-displacement
curves of energy-absorbing members under diferent plate
thicknesses are presented. From the fgure, it can be seen that
each energy-absorbing member has obvious elastic de-
formation stage, yield deformation stage, reaction force
raising stage, and platform stage. Each torsion plate has no
obvious peak pressure point and resistance drop process,
and the platform stage is long and smooth.With the increase
of plate thickness, the reaction force increases continuously,
the mean values of reaction force under fve thicknesses are
22.37 kN, 30.82 kN, 40.58 kN, 55.66 kN, and 66.32 kN, and
they enter into the platform stage at a similar position. Te
constant force efect of the reaction platform stage is stable
when the plate thickness is 5mm and below, there is no
obvious fuctuation phenomenon; when the plate thickness
is 6mm and 7mm, the contact space between the pressure
plate and the torsion plate is small due to the increase of plate
thickness. Compared with the smaller thickness condition,
the contact position is more advanced when the plate
thickness increases. In the case of the same displacement, the
thick plate deformation is greater, from the position of the
contact point scratch phenomenon is particularly obvious,
and the scratch width is large, energy-absorbing members
are more easily to appear in the stage of the scratch phe-
nomenon so that there are reaction force fuctuations. When
the plate thickness is 7mm, the fuctuation phenomenon is
obvious at the stage of reaction force climbing. As shown in
Figure 17, the energy absorption curves of the members with
diferent plate thicknesses, the fnal energy absorption of the
fve members are 4.48 kJ, 6.18 kJ, 8.13 kJ, 11.16 kJ, and
13.29 kJ. Te energy of each member in the elasticity-yield-
climbing stage grows slowly, and it shows a linear growth
trend after entering the platform stage of the reaction force.
Te plate thicknesses of 6mm and 7mm show the fuctu-
ation phenomenon of reaction force, but the fuctuation
amplitude is small, so it has less infuence on the energy

absorption, and the energy absorption efect of each group of
components is stable.

As shown in Figure 18 for diferent plate thickness
conditions under the torsion of the lower end of the plate
centre point position change. When the plate thickness is
5mm, the swing of the plate is small in the process of moving
down, the maximum swing displacement in the width di-
rection is 1.11mm, the maximum swing displacement in the
length direction is 1.38mm, and the deformation of the plate
is more stable; when the plate thickness increases or de-
creases, the plate has an obvious swinging phenomenon, of
which the swinging phenomenon is the most signifcant
when the plate thickness is 7mm, the maximum swinging
displacement in the width direction is 11.14mm, and the
maximum swinging displacement in the length direction is
4.36mm. Te change of plate thickness has a greater efect
on the swing amplitude of the plate, but it has a smaller efect
on its swing frequency.

As shown in Figure 19 for diferent plate thickness
conditions of the standard deviation of reaction force and
the SEA curves. It can be seen from the fgure, with the
increase of plate thickness, the SEA shows a gradual in-
crease in the trend. When the plate thickness is less than
5mm, the SEA shows a linear growth trend, and when the
plate thickness is 6 mm, the SEA growth rate frst accel-
erates and then slows down. Te SEAs of fve energy-
absorbing members are 19.03 kJ/kg, 19.67 kJ/kg, 20.72 J/
kg, 23.68 J/kg, and 24.19 J/kg. When the plate thickness is
small, the platform reaction force swing phenomenon is
not signifcant, its standard deviation value is low, and the
support reaction force stabilisation efect is good. Te
plate thickness increases to 6mm and above, the torsion
plate stage scratch phenomenon makes the reaction force
fuctuation phenomenon, the standard deviation of the
reaction force in the plate thickness of 6mm when the
maximum value of 927.74 N, proving that the support
reaction force fuctuation phenomenon is the most sig-
nifcant under this condition.

Te torsion plate tensile length and the length of reaction
platform stage are shown in Figure 20. Both the tensile
length and the reaction platform length increase with the
increase in plate thickness. Tensile length increased from
31.60mm to 38.07mm, due to the increase in scratch width,
the torsion radius decreases, the FN increases so that the
friction increases, the torsion plate radial tensile stress in-
creases. At this time, the positive tensile stress of the torsion
plate is greater than its tensile strength so that the torsion
plate is elongated by the tensile, but it does not exceed its
tensile limit. With the increase of plate thickness, the bearing
capacity of the energy-absorbing member is increased, and
the more forward the yield deformation position of the
member is, the faster the members reach the stage of the
reaction platform, and its reaction platform length increases.
Te length of the reaction platform stage under each con-
dition is 127mm, 130mm, 132mm, 132mm, and 135mm. It
can be seen that although there is a tendency for the reaction
plateau length to increase, the change in this magnitude is
small, and the change in the plate thickness condition has
little efect on the reaction platform length.
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5.3. Efect of Fillet Radius on Impact Energy Absorption
Characteristics. Under the conditions of impact velocity of
4m/s, total length of 200mm, plate thickness of 5mm, and
torsion angles of 480°, the simulation studies were carried
out for the fllet radii of 2mm, 2.5mm, 3mm, 3.5mm, and
4mm. As shown in Figure 21, the stress cloud of the energy-
absorbing member is shown when the displacement of the
plate is 200mm under the condition of diferent fllet radii.

From the fgure, it can be seen that the plate has high fatness,
and there is no torsional recovery phenomenon. Te plastic
deformation of the torsion plate is obvious in the de-
formation process. When the fllet radius is 2mm, the plate
appears as obvious corrugation in the deformation process.
As the gap between the pressure plate and the torsion plate is
small, the closer its contact point is to the centre line of the
torsion plate. Te decrease in the radius of the torsion makes
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Figure 15: Stress cloud diagram of components with diferent plate thicknesses. (a) b� 3mm. (b) b� 4mm. (c) b� 5mm. (d) b� 6mm.
(e) b� 7mm.
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Figure 16: Reaction force-displacement curves of members with
diferent plate thicknesses.
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Figure 17: Energy absorption characteristic curves of members
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the FN increase, and it will have obvious stress concentration
within the unit deformation range, resulting in the accu-
mulation of scratches so that the torsion plate begins to
swing to give way to the corrugated shape. With the increase
of the fllet radius, the pressure plate and the torsion plate
clearance increases, the torsion radius increases so that the
FN decreases, the stress concentration phenomenon slows
down, and the periodic scratch phenomenon is weakened.
When the radius of the corner is larger than 3mm, there is
no obvious scratch fuctuation phenomenon, the scratch is
continuous and regular, and in the overall deformation
process of the torsion plate, stress is reduced.

Te force-displacement curves of the energy-absorbing
members under diferent fllet radius conditions are shown
in Figure 22. From the fgure, it can be seen that each energy-
absorbing member presents obvious elastic deformation
stage, yield deformation stage, reaction force raising stage,

and platform stage, and the fve members have the same
trend of change. Teir mean values of reaction force are
44.31 kN, 45.39 kN, 40.58 kN, 40.47 kN, and 38.88 kN, in
which the mean values of reaction force under the three
conditions of r� 3mm, 3.5mm, and 4mm are similar, and
the positions of entering into the platform stage are similar.
Te platform stage of the reaction force does not have
obvious fuctuation of reaction force, and the change of
reaction force is smooth. As the radius of the corner de-
creases, the torsional radius decreases, the torsional force FN
increases, and the reaction force increases, but the reaction
force does not grow linearly. r� 2.5mm when the mean
value of reaction force is greater than the mean value of
reaction force when r� 2mm, the reason is that r� 2mm
due to the stress buildup produced by the torsion of the
torsion plate swinging to give way to make the reaction force
is unstable, and the fuctuation phenomenon is obvious.
Although its peak point of reaction force is higher, the
overall mean load is reduced. Te energy absorption curves
of the energy-absorbing members with diferent fllet radii
are shown in Figure 23. As can be seen from the fgure, the
fnal energy absorption of the fve components is 8.88 kJ,
9.10 kJ, 8.13 kJ, 8.11 kJ, and 7.79 kJ. When the radius of the
fllet is 3∼4mm, the deformation of torsion plate is stable,
the absorption energy is similar, and with the decrease of the
fllet radius, the absorption energy is slightly increased; when
the radius of the fllet is 2mm, the absorption energy is
slightly lower than that of 2.5mm, which is mainly due to the
fuctuation of the reaction force in the process of de-
formation, which results in the reduction of the support
reaction force, and the growth tendency of the reaction force
is slowed down in the reaction force plateau stage.Terefore,
with the increase of the radius of the fllet, the absorption
energy shows the trend of increasing and then decreasing.

As can be seen in Figure 24, with the increase of the fllet
radius, the swing phenomenon of the member in the process
of energy absorption is obviously slowed down, and the
swing amplitude is gradually reduced, in which the swing
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Figure 18: X-direction swing displacement diagram with diferent
plate thickness.
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Figure 19: σ-SEA curve with diferent plate thickness.
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amplitude is the largest under the condition of 2mm,
ranging from −5.08mm to 4.68mm, and the maximum
distance is 9.76mm; the swing amplitude is the smallest
under the condition of 4mm, ranging from 0mm to
1.40mm, and the maximum distance is 1.40mm. With the
increase of the fllet radius, it can efectively alleviate the
phenomenon of torsion plate fuctuation, but at the same
time, the support reaction force will be reduced.

Te standard deviation of reaction force and SEA curves
under diferent fllet radius conditions are shown in Fig-
ure 25. With the increase of the fllet radius, the SEAs of the
fve members are 22.64 kJ/kg, 23.18 kJ/kg, 20.72 J/kg, 20.67 J/
kg, and 19.86 J/kg. Te SEA shows the trend of increasing
and then decreasing, and its trend is consistent with the
trend of energy change. When the fllet radius is 2mm, the
SEA is reduced due to the fuctuation phenomenon of the
reaction force; the fllet radius is 2.5∼4mm, with the increase
of the fllet radius, the SEA decreases linearly; the standard
deviation of the fllet radius is linearly reduced within the

range of 2∼3mm, in which the fuctuation is most signifcant
under the condition of 2mm, with the standard deviation of
2616.9N; when the fllet radius is 3∼4mm, the SEA decreases
linearly due to the increase of the fllet radius.When the fllet
radius is in the range of 3∼4mm, the plastic deformation of
the torsion plate is smooth and the fuctuation of the re-
action force is small, with similar standard deviation values
of 490.8N, 603.0N, and 433.0N, which are small and the
energy-absorbing efect is stable.

Te tensile length and the length of the reaction platform
stage under the change of the fllet radius condition are
shown in Figure 26. Te tensile length tends to decrease
linearly with the increase of the fllet radius.Te torsion plate
extension is due to the axial tensile load on the torsion plate
during the downward movement of the plate. Te mean
value of the reaction force under the condition of 2mm fllet
radius is smaller than the mean value of the reaction force
under the condition of 2.5mm, but the tensile length is
opposite to the trend of the reaction force, with the tensile
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Figure 21: Stress cloud diagram of diferent pressure plate fllet radius members. (a) r� 2mm. (b) r� 2.5mm. (c) r� 3mm. (d) r� 3.5mm.
(e) r� 4mm.
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lengths of 38.2mm at 2mm and 36.13mm at 2.5mm. Te
reason for this is that the stress concentration phenomenon
of the torsion plate will continuously occur during the
energy absorption process under the 2mm condition, and
the peak point of the counterforce will continuously occur,
the frequency and value of which are greater than the result
of 2.5mm, which results in the staged stretching of the
torsion plate, and the total amount of which is ultimately
greater than that of the total amount of the stretching of
2.5mm. When the fllet radius is greater than 2.5mm, the
phenomenon does not appear, and its trend is the same as
the trend of the mean value of the reaction force. When the
fllet radius is less than 3mm, the length of the reaction force
platform stage increases with the increase of the fllet radius,
and due to its signifcant fuctuation phenomenon and the
high value of the reaction force, the time to reach a stable
platform stage increases. When the fllet radius is larger than

3mm, the fuctuation phenomenon gradually disappears,
and the mean value of the torsion plate reaction force of each
group is similar, so it enters the similar position of the
reaction platform stage, and the length of the reaction
platform stage is about 132mm. So, the smaller corner
radius has a greater efect on the length of the reaction
platform stage, and with the increase of the fllet radius, the
fllet radius has no signifcant efect on the length of the
reaction platform stage.

6. Conclusion

A torsion plate energy-absorbingmember was designed, and its
energy-absorbing and anti-impact characteristics were simu-
lated and analysed, leading to the following conclusions.

(1) Te torsion plate energy-absorbing member is de-
formation stable. It has good repeatability and
controllability. Te energy-absorbing member has
four stages of action: elastic stage, yield stage, re-
action force rising stage, and reaction force platform
stage, and the member has high fatness after de-
formation. Te travelling efciency of the member
can reach 100%.

(2) With the increase of the torsion angle, the fatness of
the torsion plate increases and there is a phenome-
non of increasing the plastic deformation zone and
rising the support reaction force. Te torsion plate
produces a phenomenon of stage scratching and
inward contraction. Te phenomenon of torsion
plate swing becomes more and more signifcant. All
of its energies were linearly increased, while the SEA
gradually increased, but the trend slowed down. Te
standard deviation reaches its minimum at 480°. Te
tensile length of each member and the length of the
reaction platform gradually increased.

(3) Plate thickness value is too large or too small and will
afect the fattening efect of the torsion plate. As the
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Figure 24: X-direction swing displacement diagram with diferent
fllet radius.

SE
A 

(k
J/k

g)

Standard deviation of reaction force
SEA

2.5 3.0 3.5 4.02.0
Fillet radius (mm) 

18

20

22

24

500

1000

1500

2000

2500

 S
ta

nd
ar

d 
de

vi
at

io
n 

of
 re

ac
tio

n 
fo

rc
e (

N
)

Figure 25: σ-SEA curve with diferent fllet radius.
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plate thickness increases, the reaction force increases
and produces the phenomenon of stage scratches.
Te oscillation of the torsion plate becomes more
and more obvious, and the maximum oscillation
displacement is 11.14mmwhen the plate thickness is
7mm. Te SEA gradually increases. Te standard
deviation reaches the peak point at 6mm. Te tor-
sion plate tensile length and the reaction platform
length are increasing.

(4) With the increase of the fllet radius, the fatness of
the plate is increased.Temean load shows a trend of
increasing and then decreasing. Te mean value of
the reaction force reaches the maximum when the
fllet radius is 2.5mm. Te fuctuation phenomenon
of the torsion plate under the condition of 2mm is
the most signifcant. Te fuctuation phenomenon of
the reaction force is obvious. Te SEA has the same
trend with the mean load trend. Te plate tensile
length decreases continuously and gradually with the
increase of the fllet radius, and the force reaction
platform stage increases linearly within 2∼3mm, and
the values are similar in 3∼4mm.

(5) Te torsion plate energy-absorbing member is a kind
of ideal energy-absorbing and anti-impact member,
which has many advantages such as small volume,
convenient processing, easy to replace, and so on.
According to the support needs of the plate for
diferent parameters of processing and diferent
number of combinations, it can be used in combi-
nation with conventional columns to efectively
enhance the column’s impact performance and
protect the column.
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