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Abstract

Aiming at the poor energy absorption of anti-collision rod in automobile side door, a new anti-collision rod filled with
foam aluminum composite structure is designed. Firstly, the mathematical model of aluminum foam composite structure is
established, and the wall thickness and outer diameter of aluminum tube are taken as the critical factors. The influence of
energy absorption effect is simulated and analyzed, and the correctness of the simulation is verified by experiments. Then,
the filling rate of aluminum foam, the thickness of aluminum wall, the outer diameter of aluminum pipe and the number of
energy absorption components are determined as four critical factors. The influence of four critical factors on the energy
absorption effect of anti-collision rod is simulated and analyzed. Finally, the aluminum tube wall thickness, aluminum tube
outer diameter and energy absorption components in the anti-collision rod are determined as critical independent variables,
and the anti-collision rod is optimized by response surface optimization analysis method. The results show that compared
with the traditional anti-collision rod, the optimized anti-collision rod improves the mass by 17% and the energy absorption
by 80.27%. This study provides an important theoretical basis and experimental reference for vehicle energy absorption
components in collision energy absorption.

Keywords Anti-collision rod - Aluminum foam composite structure - Response surface - Energy absorbing components -

Optimized design

1 Introduction

With the number of cars increasing, more and more traf-
fic accidents, especially side impact, and the injury rate
is higher. People ensure the safety of people in the car by
improving the crashworthiness of protective devices. Many
automobile studies take the optimized automobile safety
and crashworthiness as the primary tasks, so the research
on automobile energy absorption components has certain
practical significance and value [1].

When vehicle side impact occurs, the anti-collision rod is
one of the main components to enhance vehicle crashwor-
thiness. The research has proved that the automobile anti-
collision rod has an irreplaceable role. Due to the narrow
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space between the driver and the door, if there is no collision
rod to absorb energy, it will produce great deformation and
hurt the internal personnel [2].

Lightweight porous materials are combined with other
structures to form composite structures, which absorb energy
by plastic deformation and fracture [3]. Most commonly used
are aluminum foam and honeycomb materials. Foam material
is an ideal energy absorption material with small density, many
voids, strong deformation ability and high total energy absorp-
tion during compression. However, there are many pores in
the material itself and the strength is insufficient. When sub-
jected to external force, it is easy to produce irreversible failure
forms and lose integrity after failure [4]. Therefore, the average
load of axial compression is increased when aluminum foam
is filled into the metal tube, and the energy absorption effect
of the composite structure is better than the sum of the energy
absorbed by aluminum foam and thin-walled metal tube [5].
In the process of compression composite energy absorption
components, the internal foam material will play a supporting
role in the wall of thin-walled metal, so that the number of
wrinkles increases. And the wall of thin-walled metal will also
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have a reaction force on the foam material, so that it is fully
squeezed, which will greatly improve the energy absorption
of foam material [6].

In summary, aluminum foam has the advantages of small
density, structural crashworthiness, strong energy absorption,
shock absorption and noise reduction. Since its structure is
porous material, it can achieve greater strength and stiffness
with smaller mass. Combining it with hollow aluminum tube
can not only reduce the disadvantages of using aluminum foam
alone, but also increase the energy absorption. It has certain
research value and significance to put such energy absorption
device into the anti-collision rod to enhance the safety perfor-
mance of the vehicle side [7].

2 Theoretical analysis of energy absorption
characteristics of aluminum foam
composite

As shown in Fig. 1, the energy absorption component of alu-
minum foam composite structure. According to the law of
conservation of energy, the work done by the crushing force
is equal to the sum of the energy generated by the rotation of
the plastic hinge and the energy generated by the tension of
the hollow aluminum tube wall [8].

As shown in Fig. 2, when the rotation angle of plastic hinge
is da, the generated energy:

dE, = 4zM,(2r + hsin a)da e))

where dE| is the energy produced by the rotation of plastic
hinge; 6, is the yield limit of hollow aluminum tube; r is the
inner radius of hollow aluminum tube; # is the half wave-
length of wrinkle; « is the angle of thin-walled rotation of
hollow aluminum tube; M, is the bending moment limit of
hollow aluminum tube.

Energy generated by thin-walled tension of hollow alu-
minum tube [9]:

dE, = 276,h*t cos ada )

The load of hollow aluminum tube under quasi-static
crushing:

Fig.1 Aluminum foam com- I
posite structure

. llh

@ Springer

Fig.2 Crush model of composite structure

P, .= (%n’tz + nt 27zrt>50 3)

The contribution of interaction between aluminum foam
and hollow aluminum tube wall to crushing load:

Al= Cppy X 871 X 837 X 1% X 1% )
where 6, is yield limit of aluminum foam; C,,, a;, a,, a3, a4
are constants. By sorting out:

Al =2.54/8:6(rt) 5)

Axial crushing load produced by compression of alu-
minum foam in aluminum tubes:

P = 71:r25f ©6)
o 3
5—f =0.3¢(p') +(1 =)o %)

s

where &, is yield Limit of Foamed Aluminum.¢ is the con-
tent of material between small element thin walls in alu-
minum foam.

o' =ps/p; ®)

where Py is the density of aluminum foam; p, is the density
of solid materials that make up aluminum foam.

& = p'é, 9)

Load of Aluminum Foam Composite Structure under
Quasi-static Compression:

Py =P +P;+Al= [%mz + ot 27m] By + 170/ 6, +2.51/8,6,(r1)
(10)

Energy absorption of hollow aluminum tube under quasi-
static crushing:
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W, =PI, = (%nﬂ +at 27m>5ozgc 1)

where [ is length of hollow aluminum tube; &, is compres-
sion strain of hollow aluminum tube.

Energy Absorption of Aluminum Foam Composite Struc-
ture under Quasi—static Compression:

Wy = Plep = (P + Py + Al)Ig, = [%mz +at 27m] 5

+mrp' 8, +2.51/8,8(rt)
12

where p’ is relative density of aluminum foam; ¢, is Com-
pression strain of aluminum foam composite structure.
Compressive strain of aluminum foam during crushing:

: Pr
§f=1—1.4p—=1—1.4p’ (13)

A

The compaction strain of hollow aluminum tube:

L=1-L=1-4/2 (14)

h zr
Compaction strain of aluminum foam composite structure:
Z:D = min (Cfs Cc) (15)

Composite is the energy absorption of aluminum foam
composite structure under quasi-static crushing

W, = min (1 —\2t]rt,1 — 1.4,;’) x [%m(r + 2\/27m)50
a5, + 2.5rt\/p’505_v] x I

(16)

As shown in Fig. 3, the yield limit of hollow aluminum
tube:

53:5()[1 + <%>] a7

Fig.3 Aluminum tube break element

where 56’ is the yield limit of hollow aluminum tube under
dynamic condition. { is strain rate for hollow aluminum
tubes. u, n is the strain rate sensitivity coefficient. The load
of hollow aluminum tube under dynamic crushing:

P! =P, l1+<£>;] (18)
)%

The load of hollow aluminum tube under dynamic
crushing:

V, l 1 \Y 1

d _ 0 — |12 o0
P=P, |:1+<4”4> ] [27rt + nt 27trt]60[1+<4m> }
19

Axial crushing load:
Py = xr?s; (20)

Yield Limit of Built-in Aluminum Foam under
Dynamic Compression

é; m
#-5(%) @

where 6]9 is strain rate under dynamic crushing; é} is strain
of Aluminum Foam.

The ultimate load expression of aluminum foam com-
posite structure in dynamic crushing process

1
V n
PZ:Pj+P]‘Z+Al=[%7rr2+m 27rrt]50[1+<—0> }

4ru
V m
+ nr25f<—‘_)0> + Al
219
(22)

where Pz is The crushing load of aluminum foam composite
structure under dynamic compression; Pf is the crushing
load of hollow aluminum tube under dynamic compression;
P;{ is the crushing load of aluminum foam during dynamic
cbmpression; Al is the interaction between aluminum foam
and hollow aluminum tube wall; Cj? is the strain rate of alu-

minum foam in quasi-static crushing process; m is the strain
rate sensitivity coefficient.

Energy of hollow aluminum tube during dynamic
crushing:

1
Vo \
Wi =plic, = [lmz + m\/27m] Solt+(=2) |
¢ 2 4ru
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where W]‘j is energy absorption of hollow aluminum tubes
during dynamic crushing; ¢, is the compression strain of the
hollow aluminum tube.

Energy of Aluminum Foam Composite Structure in
Dynamic Crushing Process:

rmw

1
1 Vo \"
{<§m2 + xt 27rrt>50 ll + <m> ]

V m
+7rr2p’55<7§0> + 2.5rt\/p’6063} -1

f

Wi = ¢p(P{+ P!+ Al)l = min (1 —y/ - 1.4p’>.

(24)

3 Energy absorption characteristics analysis
of aluminum foam composite members

3.1 Evaluation index of energy absorption
characteristics of energy absorption
components

1. Total energy [10]

The total absorbed energy represents the energy
absorbed during the deformation of the component dur-
ing the whole collision process.

2. Peak force [11]

Peak force represents the maximum impact force dur-
ing collision.

3. Average impact force.

The arithmetic average of the collision force curve on
the whole compression displacement s during the whole
collision process.

F, == (25)

4. Specific energy absorption [12]
Specific energy absorption represents the energy
that the component can absorb per element mass in the
whole collision process.

E
Esp == (26)

5. Compression efficiency.
Compression efficiency is the ratio of average load to
peak loads
F

Eqp = — 2
cr= g 27

@ Springer

3.2 Parameters of new anti-collision bar

According to the size of the anti-collision bar of a certain
type of automobile, the size of the new anti-collision bar is
obtained, as shown in Table 1. Figure 4 introduces the main
composition of the anti-collision bar.

The size range of the foam aluminum composite component
in the new bumper rod is shown in Table 2.

The material properties of the new anti-collision bar are
shown in Table 3.

3.3 Analysis of energy absorption characteristics
of aluminum foam composite structure

Hollow aluminum pipe is selected, with outer diameter
D =30 mm, height H=30 mm, thickness =1 mm. Choose
foam aluminum composite structure, outer diameter
D =30 mm, height H=30 mm.

The collapse simulation analysis of the hollow aluminum
tube and aluminum foam composite structure is carried out
by ANSYS. The model is shown in Fig. 5a and b. It consists
of two upper and lower rigid plates and a foam aluminum
composite structure. The lower rigid plate is fixed and the
upper rigid plate is axially compressed. The contact surface
is between the foam aluminum and the hollow tube, and the
friction coefficient between the two rigid plates and the hollow
aluminum tubes is 0.2.

To verify the foam aluminum composite structure in the
simulation analysis process, the energy absorption character-
istic curve is accurate. Test the mechanical properties of the
sample on the testing machine, as shown in Fig. 6. The foam
aluminum composite structure is made up of aluminum foam
and hollow aluminum tube. When doing the experiment, the
aluminum foam is placed in the hollow aluminum tube, and
the surface is not bonded. The test piece is placed at the center
of the lower end of the bottom plate of the testing machine,
the upper steel plate moves downward evenly, and the loading
speed is 3 mm/min.

Under the same external conditions, the displacement force
characteristic curve of hollow aluminum tube in simulation
and experiment is obtained, as shown in Fig. 7; Under the
same applied conditions, the displacement force characteristic
curves of the aluminum foam composite structure in simula-
tion and experiment are obtained, as shown in Fig. 8. By ana-
lyzing the curves in Figs. 7 and 8, it is found that the overall
trend and fluctuation of the curve are similar [13].

Table 1 Dimensions of anti-collision bar

Length/mm Wide/mm High/mm Wall thickness/mm

959 32 32 2
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Fig.4 Structural composition of
new anti-collision bar

(a) Anti-collision bar steel pipe

Table 2 Dimensions of energy absorbing components

Outer outer ‘Wall thick- n Length/mm Arrangement

diameter/mm  ness/mm style
18<D<30 0<t<6 n<17 30 mm Uniform dis-
tribution
Table 3 Material properties of new anti-collision bar
Name Material Elastic modu- Poisson's Density/
lus ratio kgemm™>
anti-collision Q235 201Gpa 0.3 7850
bar
Aluminum Al16061-T6 68.9Gpa 0.33 2703
tube
Aluminum Al 253Mpa 0.33 178
foam

To visually express the error between the simulation
results and the test results, the error percentage histogram is
drawn, as shown in Fig. 9. The maximum error of test and
simulation data of hollow aluminum tube is 15.86%, and
the minimum error is 1.8%. The maximum error of test and
simulation data of foam aluminum composite structure is
24.21% and the minimum is 4.68%. The simulation results
are consistent with the experimental results, and the fluctua-
tion trend is similar. Therefore, the simulation results are
reliable.

Fig.5 Simulation model of
energy absorbing component

(a) aluminum tube

(b) Foam aluminum composite structure

(b) Hollow aluminum tube (¢) aluminum foam

Fig. 6 Foam aluminum composite structure on test machine

3.4 Parametric experimental analysis of energy
absorption characteristics of aluminum foam
composite structure

The outer diameter of aluminum foam composite structure
is D =30 mm, the height H=30 mm, and the thickness of
hollow aluminum tube is =1, 1.6, 2.2. The static crushing
test is carried out, and the load displacement characteristic
curve is obtained [14].

As shown in Fig. 10, after the compression of the alu-
minum foam composite structure, an outwardly folded
axisymmetric fold is generated. First, the load of aluminum
foam composite structure increases continuously during
axial compression. After reaching the first peak force, it
begins to show a downward trend and enter the buckling
stage. Finally, the curve rises sharply and enters the com-
paction stage. The whole process produces only one wave,
so the deformation presents only one wrinkle. As can be
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Fig.7 Energy absorption curve of aluminum tube
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Fig.8 Energy absorbing curve of foam aluminum composite struc-
ture
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(a) Aluminum tube

Fig.9 Histogram of error percentage of energy absorbing components
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seen from Fig. 10, as the wall thickness increases, the cor-
responding compressive load increases. It shows that the
load-carrying capacity of the aluminum foam composite
structure is increasing, and the wall thickness can absorb
more energy. However, while increasing the energy absorp-
tion, it is necessary to ensure the design requirements of
strong quantification of components.

The wall thickness =1 mm, the height H=30 mm, the
outer diameter of hollow aluminum tube is D=26,28,30 mm.
The static crushing experiment was carried out and the
load—displacement curve was obtained.

It can be seen from Fig. 11 that after compression, the
foam aluminum composite structure generates an axisym-
metric wrinkle that folds outward. From the curve, the larger
the diameter, the greater the peak force. The aluminum foam
composite structure with large diameter is filled with more
aluminum foam. During the compression process, the alu-
minum foam structure collapses, ruptures, and compacts.
The mutual constraints between each small gap and between
aluminum foam and hollow aluminum tubes will absorb
more energy.

4 Parameterized analysis of energy
absorption characteristics of the new
anti-collision rod

The new anti-collision rod is composed of hollow square
tube, aluminum foam and aluminum tube. Through the
single factor research method [14, 15], the filling rate of
aluminum foam, the outer diameter and wall thickness of
hollow aluminum tube and the number of energy absorp-
tion components in the anti-collision rod are taken as the
key factors, and the parametric simulation analysis is car-
ried out. The simulation model is shown in Fig. 12.

30
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20}
D
2
=
Sist
5
-9
10}
0 1 L 1 1 ]

-0.001 0.000 0.001 0.002 0.003 0.004 0.005 0.006
Displacement(m)

(b) Foam aluminum composite structure
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Fig. 10 Compression test of
aluminum foam composite
structure (wall thickness com-
parison)

Fig. 11 Compression test of
aluminum foam composite
structure (comparative diam-
eter)

The cylindrical rigid body is compressed at 8.3 m/s
along the axis of the composite structure. Fix both ends of
the anti-collision bar, and fix the energy absorbing member
on the inner surface of the anti-collision bar. The contact
surface is between the foam aluminum composite struc-
ture and the hollow square tube. The friction coefficient
between the cylindrical rigid body and the hollow square
tube is 0.2, and the general contact is adopted [16-19].

Rigid column

-

Square tube Aluminum foam

ya

Aluminum tube

ya

Fig. 12 New anti-collision bar
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4.1 Effect of filling percentage on energy absorbing
components of impact bar under dynamic
crushing

To reduce the usage of foam aluminum, the influence of
percentage of filled aluminum foam on energy absorption
index was studied. The energy absorbing component is
H=30 mm height, wall thickness =1 mm and outer diam-
eter D =30 mm. Four kinds of foam aluminum composite
structure filled with 0, 25%, 50%, 75% and 100% percent-
ages are designed. The three-dimensional model of energy
absorbing component is shown in Fig. 13.

According to the analysis of Fig. 14, the hollow aluminum
tube is filled with 25%, 50%, and 75% aluminum foam.
Due to the interaction between aluminum foam and hollow
aluminum tube, the component does not undergo axisym-
metric deformation. There is a coupling effect between alu-
minum foam and aluminum tube, resulting in random and
extremely unstable deformation process. With the increase
of aluminum foam filling percentage, the deformation mor-
phology of energy absorption components is more and more
stable. From the load—displacement curve, the compression
displacement is the same, the filling percentage is more, the
peak force is larger, and the absorbed energy is more. From

@ Springer
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(a) Fill 0% (b) Fill 25%

Fig. 13 Energy absorbing member

Fig. 14 Crushing curve of 90
energy absorbing member under
different filling percentage

— Fill 100%
— Fill 75%
—— Fill 50%
— Fill 25%
——Fill 0%

Peak force(kN)

30

(¢) Fill 50%

(d) Fill 75%

(e) Fill 100%

35r
—— Fill 100 %
30 L|——Fill 75%
——Fill 50 %
—Fill 25%
5T 0%

20 F

15

10

Specific energy absorption(kJ-kg™)

0
0.000 0.001 0.002 0.003

Displacement(m)

(a) Load—Displacement curve

Table 4 Energy absorption indexes of energy absorbing components
under different filling percentages

Peak force/kN Energy/k] Quality/kg Specific energy

absorption/
kI kg™!
Fill 0% 30.69 23.86 0.9544 25.37
Fill 25%  32.28 28.71 0.9582 29.96
Fill 50%  37.45 32.56 0.9632 33.81
Fill 75%  53.84 26.03 0.9682 26.88
Fill 100% 76.42 33.61 0.9732 34.54

Table 4, it is concluded that the energy absorption effect of
filling 50% is the best in terms of energy and specific energy
absorption, but the unstable deformation does not meet the
design requirements. The peak force and energy of 100%
filling are the largest, and the specific energy absorption per
unit mass is also the largest. Therefore, 100% filling method
is selected as the research object.

4.2 Effect of outer diameter under dynamic
crushing on energy absorption characteristics
of anti-collision bar

To study the influence of the outer diameter of the hollow
aluminum tube on the energy absorption characteristics of

@ Springer
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(b) Energy absorption—Displacement curve

the new anti-collision rod, the aluminum wall thickness
t=1, the height H=30 mm, and the outer diameter of the
aluminum tube D =22,24,26,28 and 30 mm were designed.
The influence of the outer diameter of the aluminum tube
on the energy absorption characteristics of the new anti-
collision rod was simulated and analyzed.

As shown in Fig. 15a, it conclude that the new anti-
collision rod tends to increase gradually after reaching the
initial peak load. During the compression process, there
will be wrinkles in the aluminum tube, and aluminum
foam will restrict and interact with the aluminum tube.
As shown in Fig. 15b and c, the specific energy absorp-
tion tends to increase with the increase of outer diameter.
As shown in Table 5, with the increase of outer diameter,
peak force, energy absorption and mass are increasing, and
its specific energy absorption is also increasing. Overall,
the bearing capacity of the anti-collision rod increases
with the increase of the outer diameter of the hollow alu-
minum tube. The external diameter increases, the mass of
aluminum foam filled inside increases, and the absorbed
energy increases. However, the larger the outer diame-
ter is, the larger the space will be occupied. Therefore,
according to the actual working conditions, the appropri-
ate outer diameter of hollow aluminum tube should be
selected to ensure that there is enough space to install
energy absorption components and absorb more energy.
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Fig. 15 Dynamic crushing curves of energy absorbing members with different outer diameters

Table 5 Energy absorption indexes of energy absorbing components
with different outer diameters

Peak force/kN Energy/k] Quality/kg Specific energy

absorption/

kJ kg™
D=22mm 53.54 19.84 0.9215 21.54
D=24mm 56.53 21.94 0.9354 23.45
D=26mm 61.64 25.20 0.9428 26.73
D=28 mm 64.55 28.37 0.9534 29.76
D=30mm 73.46 31.36 0.9625 32.58

4.3 Effect of wall thickness on energy
absorption characteristics of anti-collision
bar under dynamic crushing

To study the influence of hollow aluminum tube diameter
on the energy absorption characteristics of new anti-colli-
sion rod, the aluminum tube diameter D =30 mm, height
H =30 mm, aluminum wall thickness t=1, 1.6, 2.2, 2.7 and
3.2 mm of foam aluminum composite energy absorption

component were designed. The influence of aluminum tube
diameter on the energy absorption characteristics of new
anti-collision rod was simulated and analyzed.

As shown in Fig. 16, the specific energy absorption of
the anti-collision rod increases with the increase of the wall
thickness of the internal aluminum foam composite energy
absorption member, but the increasing process slowly tends
to be flat. It is proved that the wall thickness of the energy
absorption member inside the anti-collision rod becomes
thinner, and the more foam aluminum is filled, the greater
the rigid-flexible coupling effect between the foam alu-
minum and the wall is. As shown in Table 6, it conclude that
at the same compression displacement, its peak force, energy
absorption and specific energy absorption are increasing
with the increase of wall thickness. Overall, the bearing
capacity of anti-collision rod increases with the increase of
hollow aluminum tube wall thickness. But the greater the
wall thickness, the quality of aluminum pipe will increase,
so should be based on the actual working conditions, con-
sider choosing the appropriate thickness, while ensuring
lightweight, absorb more energy.
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(a) Load-displacement (b) Specific energy absorption-Displacement  (¢€) Outer diameter-specific energy absorption
Fig. 16 dynamic crushing curve of energy absorbing members with different wall thickness
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Table 6 energy absorption indexes of energy absorbing components
with different wall thickness

Table 7 energy absorption indexes of different number of energy
absorbing components

Peak force/kN Energy/k] Quality/kg Specific energy
absorption/

kI kg™!
t=1mm 73.46 31.36 0.9625 32.58
t=1.6mm 7642 33.61 0.9732 34.54
t=22mm 80.25 3542 0.9876 35.86
t=27mm 83.14 36.92 0.9945 37.12
t=32mm 86.47 42.63 1.1253 37.89

4.4 Effect of the number of energy absorbing
members on the energy absorption
characteristics of anti-collision
bar under dynamic crushing

The energy absorbing members are placed on the inner
side of the hollow steel pipe and arranged with 5, 6, 7, 8
and 9 respectively. Ensure that the outer diameter and wall
thickness of other variables of the energy absorbing mem-
ber remain unchanged. Analyzing the influence of a single
variable on the energy absorbing characteristics of the anti-
collision rod.

As shown in Fig. 17a, with the increase of the number
of energy absorbing components in the new anti-collision
rod, the peak force increases under the same compression
displacement. As shown in Fig. 17b and Table 7, with the
increase of the number of elements, its peak force, energy
and mass are increasing at the same compression displace-
ment. It is proved that in a certain range, with the increase
of the number of energy absorbing components, the energy
absorbing characteristics of the anti-collision bar are obvi-
ously enhanced. However, with the increase in the number
of energy absorption components, the strength of the hollow
square tube will decrease. Therefore, it is necessary to ana-
lyze the number of energy absorption components according

150
60

120 50|

b4
=3
T

30

Force(N)

=)
<
T

20+

Specific energy absorption (kJ-kg™)

Peak force/kN  Energy/k] Quality/kg Specific energy

absorption/kJ kg™
n=5 107.86 47.89 1.1342 42.23
n=6 114.37 53.74 1.1744 45.76
n=7 120.52 59.41 1.2147 48.91
n=8 123.74 63.29 1.2549 50.44
n=9 127.46 66.37 1.2952 51.24

to the actual working conditions, absorbing more energy
while ensuring the strength of the square tube.

5 Influence Analysis and optimization
of multi factor structural parameters
on energy absorbing components
of anti-collision bar

The influence of the three factors on the energy absorption
characteristics of the bumper rod is studied by studying the
outer diameter of the aluminum composite component, the
thickness of the aluminum tube and the number of energy
absorbing members [20-22].

5.1 Dynamic collision analysis of anti-collision
bar under multiple factors

Since the objective function is a nonlinear programming
problem, a constraint condition is added to draw the response
surface of the fitting curve, which belongs to the constrained
optimization problem. Limit n, t and D respectively through
the control variable method, and observe the influence of
the other two variables on energy absorption, as shown in
Figs. 18, 19 and 20.

- - - n wn
S > 3 = N
T T 1

Specific energy absorption (kJ-kg™)

'
)

0.000 0.001 0.002 0.003 0.004 0.005
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(a) Load-displacement

(b) Specific energy absorption-Displacement

0.0000 0.0001  0.0002 0.0003 0.0004 0.0005 4 5 6 7 8 9 10

Displacement(m) n

(¢) n-specific energy absorption

Fig. 17 dynamic crushing curve of energy absorbing members with different wall thickness
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Fig.20 Response curve of specific energy absorption with respect to wall thickness and number of energy absorbing members

5.2 Optimization of energy absorbing components
of anti-collision bar.

To meet the optimal energy absorption and ensure the light-
ness of the vehicle. The outer diameter, wall thickness and

the number of energy absorbing components need to be
optimized. The specific energy absorption is selected as the
objective function. According to the data in Table 8§, the
optimal fitting curve is calculated:
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Table 8 various schemes of

. D/mm t/mm n Peak force /kN Energy/k] Quality /kg Specific energy
energy absc.)r?)mg components absorption/
of anti-collision bar K kg™!

30 1 4 122.14 53.78 1.094 49.16
29 22 4 118.94 53.14 1.094 48.58
28 35 4 114.59 52.07 1.094 47.60
27 5.1 4 110.04 51.37 1.094 49.96
27 1 5 113.59 51.62 1.094 47.19
26 1.8 5 104.87 49.48 1.094 45.23
25 32 5 100.43 48.29 1.094 44.14
24 1.4 6 109.45 51.23 1.094 46.83
24 49 5 95.72 47.34 1.094 43.27
23 2.7 6 105.13 49.96 1.094 45.67
22 1.6 7 113.67 51.61 1.094 47.18
22 43 6 101.24 48.49 1.094 44.33
21 1 8 117.45 52.69 1.094 48.16
21 32 7 114.21 52.00 1.094 47.53
20 22 8 101.36 48.38 1.094 44.23
20 4.7 7 118.43 53.88 1.094 49.25
19 1.85 9 117.35 52.78 1.094 48.25
19 3.8 8 113.83 51.83 1.094 47.38
18 1.8 10 109.17 50.56 1.094 46.22
18 3.4 9 113.54 51.68 1.094 47.24

Y =1327.3 - 781.2D — 659.4t — 138.3n + 186.6Dt

28
+39.2in + 82.5Dn + 224.8D* + 63.6¢% + 3n? (28)

The outer diameter, wall thickness and number of energy-
absorbing components of the anti-collision bar must meet
the design size range, and these three variables must meet
the requirement that the increased mass of the anti-collision
bar shall not exceed 20%.

18 mm <D <30 mm
Imm <t<6mm
n<17

2 2
M, = {pﬂrH(% - z) + pan[%z - <§ - t> ] }n
(29)

Through analysis, when n=8, D=21 mm and =1 mm,
the specific energy absorption value is the largest and is the
optimal solution. As shown in Fig. 21.

The energy absorption characteristics of the optimized
anti-collision bar are simulated and analyzed, and com-
pared with the traditional anti-collision bar. As shown in
the Fig. 22.

The new anti-collision rod is composed of a hollow
square tube and a foam aluminum composite structure. In
the process of collision, the hollow square tube will produce
elastic and plastic deformation. In addition to the elastic and

@ Springer
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Fig.21 Optimal solution of specific energy absorption

plastic deformation of aluminum foam composite devices,
aluminum foam will absorb a lot of energy in the process of
compaction. At the same time, there will be some wrinkles
between the aluminum foam composite structure and the
aluminum foam composite structure. The folds will support
each other and restrict each other, which will greatly improve
the peak force and energy absorption. From Fig. 22a and b, it
is concluded that the collision load of the anti-collision rod
containing aluminum foam composite structure is 126.67 kN
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Fig.22 Dynamic energy absorption characteristic curves of different anti-collision bars

and the energy is 57.56 kJ. The impact load of traditional
anti-collision bar is 89.49kn and the energy absorption
is 31.93 kj. The load is increased by 41.55%, the energy
absorption is increased by 80.27%, and the energy absorp-
tion is greatly improved. Therefore, the new anti-collision
rod containing aluminum foam composite structure can meet
the development requirement of the car.

6 Conclusion

During the collision of the side door of the vehicle, the
energy absorption of the internal anti-collision bar is poor,
which cannot ensure the safety of the personnel in the vehi-
cle. Based on the characteristics of light weight and strong
impact resistance of aluminum foam, a foam aluminum com-
posite structure energy absorbing component is designed,
which will be combined with the anti-collision pole to
improve the energy absorption of the bumper rod. Through
the analysis of the mathematical model, simulation results
and experimental results of energy absorbing components,
the following conclusions are drawn:

1. In static condition, through the analysis of the simula-
tion results and experimental results of the aluminum
foam energy absorbing components, it is concluded that
the outer diameter of the energy absorbing components
increases and the aluminum foam fills up, the greater
the peak force is generated. At the same compression
displacement, the greater the wall thickness, the greater
the corresponding peak force.

2. Under dynamic condition, the filling rate and outer
diameter of foam aluminum and the number of energy
absorbing components installed in the bumper rod are

taken as independent variables, and the energy absorp-
tion characteristics of the energy absorbing components
under dynamic collapse are parametrized. At the same
time, the higher the filling rate of aluminum foam, the
greater the peak force and the more energy absorbed.
When the outer diameter of energy absorbing member
increases, the compression displacement, specific energy
absorption, energy and mass are in an upward trend,
and the energy absorption is better; With the increase
of wall thickness, the energy absorption index of the
energy absorbing component increases, but the slope
of the energy absorption curve tends to be gentle. It is
proved that the thinner the wall thickness is, the more
the foamed aluminum is, the greater the rigid flexible
coupling effect between the aluminum foam and the alu-
minum tube will be. As the number of energy-absorbing
components increases, its peak force, energy and mass
are increasing. In a certain range, with the increase of
the number of energy-absorbing components, the energy
absorbing characteristics of the anti-collision bar are
obviously enhanced.

To meet the optimal energy absorption and the require-
ments of vehicle lightness. When n=8, D=21 mm
and r=1 mm, the specific energy absorption value is
the largest, which is the optimal solution. In the case
of optimal solution, the crashworthiness of optimized
rear anti-collision bar and traditional anti-collision bar
is compared. The collision load of the anti-collision
rod containing aluminum foam composite structure
is 126.67kN, and the collision load of the traditional
bumper rod is 89.49kN, which is increased by 41.55%.
The specific energy absorption of the anti-collision
rod containing aluminum foam composite structure is
1035.58 J, the specific energy absorption of the tradi-
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tional bumper rod is 690.39 J, the increase is 50.79%, the
quality is increased by 17%, and the energy is increased
by 80.27%. The mass of the anti-collision bar with
energy absorbing components is increased by 17%, but
the energy is increased by 80.27%. The added weight is
0.016% of the vehicle weight. Therefore, the filling of
the energy absorbing member has certain significance.

In summary, the crashworthiness of the designed anti-
collision rod with energy absorbing component aluminum
foam composite structure is better than that of the traditional
anti-collision rod. It has better effect in energy absorption
characteristics and lightweight, and can better meet the
development needs of vehicles.
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