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Abstract: The energy absorption devices play important roles to reduce 
injures when the traffic accident happens. As a popular design, Thin-
walled tube has been widely used in many industrial productions such as 
vehicles, ships and trains due to their high manufacturability and low 
cost. The crash cans as the connect part between bumper and a vehicles 
is a kind of thin-walled tube energy absorption devices. 

The thin-walled tube with origami pattern is one of the important 
achievements in the decade years. Comparing with the conventional 
square tube, the capacity of energy absorption is improving much more, 
but as not an ideal model, the small cracks may be happened in the 
production process. It should be considered that whether the energy 
absorption will be influenced by the cracks. To depend on the Finite 
Element Analysis software ABAQUS, it can be predicted by the 
numerical axial crushing simulation. 
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1 Notation 

A Cross section area m2

D Diameter of a circular tube m 

E Young’s modulus GPa 

I Moment of inertia of a cross section kg*m2

H Height m 

L Length  m 

M Number of modules  

P Load N 

Pcr Critical buckling load N 

Pm Mean crushing force N 

Pmax Peak force N 

b Width of tube mm 

c Corner width of an origami pattern mm 

L Module length of an origami pattern mm 

t Wall thickness mm 

Ɛ  Ultimate strain  

v Poisson ration  

ρ Density kg/m3 

σy Yield stress MPa 
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2 Introduction 

Nowadays, transportation becomes faster and faster, but the faster the more 
dangerous when we meet the traffic accident. Meanwhile, the energy 
absorption devices play important roles to reduce injures. As a kind of 
popular design for the energy absorption devices, the thin-walled tubes with 
different cross-sections are widely used in many industrial productions such 
as vehicles, ships and trains because of their high manufacturability and low 
cost. 

As we see in the figure 2.1, there are two kinds of automobile bumper. An 
automobile bumper can be divided into two parts. One is the Bumper Beam 
and the other one part is the two crash cans. 

 

Figure 2.1. The automobile bumper with Crash cans. [1] 

The automobile bumper, as a kind of energy absorption device, is used to 
defence the traffic accident for protecting the cars and persons from the 
harm. Crash cans as the part of automobile bumper who connect the car and 
bumper beam is a pivotal component to absorb the energy which be brought 
out by the traffic accident. In the figure 2.2, we list the four kinds crash can 
from different four brands of automobile. It is apparently that the crash can 
is the thin-walled tube which dissipates the energy through plastic 
deformation during a collision. 
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Figure 2.2. a) is the crash cans of the Ranger Rover, b) is the crash cans of 
Honda, c) is the crash can of the Land rover, d) is the crash can of the 

BMW. [2] 

For increasing the ability of the energy absorption, there are too many 
researches have been done. Adding the origami pattern to the conventional 
square tube is one of the most important achievements in the decade years. 
However, the small cracks will be happened in the manufacturing due to the 
two existing production process [3]. This report is concern with doing some 
research about how the cracks effect on energy absorption of the square 
origami tube by numerical simulation.  
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3 Theoretical knowledge 

3.1 Characteristics of Energy absorption  

The energy absorption devices are used to absorb energy through structural 
collapse. The performance of an energy absorption device can be 
determined from its force against displacement curve so that the capacity of 
the energy absorption can be predicted as the figure 3.1 shows. 

 

Figure 3.1. A force and displacement curve. 

The total energy absorbed is given by the area under this curve and can be 
defined as, 

                                                         3.1 

where  is the effective crushing distance. 

The peak crush force, Pp is the highest initial load required to initiate 
collapse, which start the energy absorption process. A larger peak force will 
result in the device transferring significantly large forces to the body until 
the load required to initiate collapse is reached. Otherwise, a small peak 
force will result in the device collapsing under load which will not cause 
any significant damage to a body being protected. 

The mean crushing force can be seen as an indicator of the energy 
absorbing capability of a structure when compared to the displacement 
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required to absorb the energy [4]. The mean crushing force is the average 
force for a given deformation, which can be defined as the total energy 
absorbed divided by the total deformation in the direction of the force as the 
following equation (eq.3.2), 

∙
	                                                                 3.2 

Apart from the mean crushing force, there are other two ways to measure 
the energy absorbing capability. 

The one of them is the crush force efficiency which is based on the mean 
crushing force and can be expressed as the equation (eq.3.3), 

                                                                      3.3 

The  indicates that the average force in the system is comparable to the 
peak force required to initiate crushing. Under such conditions it is evident 
from equation (e.g.3.2) that the energy absorbed, given by the area under 
the force displacement curve, is increased and the higher  means the 
better performance of the energy [4]. 

The other way is the Specific Energy Absorption (SEA), which is the most 
important and common parameter used to estimate the capability of the 
energy absorption [4]. It can be defined as the follow equation 3.4. 

SEA                                                                3.4 

where,  is the total energy absorbed and m is the mass. Therefore, the 
SEA is the energy absorbed per unit mass so that it is usually used as an 
indicator of the weight efficiency of an energy absorber. However, we are 
only researching a part of energy absorber in this case. Thence, the mean 
crushing force and the crush force efficiency is much more useful here by 
comparing with the SEA. 

3.2 How to design a Square Origami tube 

With the development of the energy absorption device, there are many 
kinds of Origami tube with different patterns. The table 3.1 lists some kinds 
of origami tube [5]. 

Table 3.1. One module of some kinds of Origami tube. 
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Square Origami tube 

 

Rectangular Origami tube 

 

Hexagonal origami tube 

 

Type I tapered origami 
tube 

 

Type II tapered origami 
tube 

 

 

Here, we use the square origami tube to do the simulation because of the 
conventional square tube we chosen to do the research in the next coming 
chapters. It will be useful for comparing with their mean crushing force and 
the ability of the energy absorption. 

The figure 3.2 shows the geometry of one module of the origami pattern for 
square tubes and a module of a square origami tube. 
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Figure 3.2. The geometry of one module for a Square Origami tube. 

We can see that there are three parameters in the pattern for the tube, the 
width b, corner width c, and module lengthl. And, the angle θ marked in the 
figure 3.2 (b) can be determined by c and l from the following equation 
(eq.3.5), 

cosθ √2	 1 						                                                 3.5 

And, we should notify two requirements of c mentioned below when we 
choose the three parameters to design the square origami tube, 

 c b, otherwise the pattern would not be developable. 

 c (√2+1)l, since cos 1. 

By the way, the square origami tube will become a conventional square 
tube when c=0. 

3.3 Theoretical Prediction of Mean Crushing force 

Based on the Wierzbicki and Abramowicz’s super folding element theory 
[6], The mean crushing force in the static crushing can be calculated as, 

P 13.06σ t b                                                            3.6 

Abramowicz and Jones presented the theoretical expressions of the mean 
crushing forces for square tube under the static and dynamic loading. In the 
fact, he very thick tubes usually fail in an extensional mode which involves 
circumferential extension of a large magnitude and folding along stationary 
plastic hinge lines [7]. And, the formula based on the extensional folding 
element is used to calculate the mean crushing force derived by 
Abramowicz and Jones as, 
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P 8.16σ t b 2.04σ t                                          3.7 

In the equations (eq.3.5.1 and 3.5.2), the σ  is the flow stress of the material, 
which can be calculated by using, 

σ ,                                                                   3.8 

where, n is the strain hardening exponent [8], σ  and σ  denote the yield 
strength and the ultimate strength. To use which equation to calculate the 
mean crushing force depends on the value of b/t [4]. The mean crushing 
force associated with the extensional mode is higher if b/t < 7.5, indicating 
that large circumferential membrane deformation requires much more 
energy to be activated than bending in tubes with medium thickness which 
usually have b/t much larger than 7.5 so that the conventional square tube 
tend to assume as an inextensional failure mode.   
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4 Experimental Work 

The aim of experimental tests is to define the material of the specimens in 
figure 4.1 and whether this kind of material is suit as the material of thin-
walled tube energy absorption devices. The specimens of conventional 
square tube and origami square tube are built up by the 3D printer 
according to our CAD file. High-density polyethylene (HDPE) as the 
filament of the 3D printer is used to make up of the specimens. 

 

Figure 4.1. The specimens of two kinds of tube, left one is conventional 
square tube and right one is the square tube with origami pattern. 

Thus, the following test has been taken place: 

1. The tensile tests in MD and CD 

2. The axial compressing test of square tube’s specimens 

3. The axial compressing test of origami tube’s specimens 

4.1 The Tensile Test 

After getting these specimens, we couldn’t help to imagine that what will 
happen if the thin-walled tube made by HDPE used to be energy absorption 
device. Therefore, we did some research about what properties the HDPE 
have. We did three tensile tests in MD of it and the average results of test 
are shown in the figure 4.2. All the three tensile tests were done with the 
loading velocity 10mm/s.  
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We can get the Young’s modulus, fracture strength, yield strength and see 
when and where the fracture and necking happens. The test data was 
written in the appendix A. 

 
 

Figure 4.3.The Results from the tensile test. 

The tensile test in CD is also been done. And, the results are almost same as 
the MD one.  

The Young’s modulus is the slope of stress and strain, and we can get the 
Young’s modulus value of HDPE is 0.797 GPa. The following table 4.1 
lists some elastic properties and Young’s modulus for common materials 
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and we can see that the Young’s modulus of HDPE is 0.8 GPa [9]. Thus, 
our results from tensile test are validity. 

Table 4.1. Some elastic properties and Young’s modulus for common 
materials 

Materials 

Young’s 
Modulus 

[GPa] 

Ultimate Tensile 
Strength 

[MPa] 

Yield 
Strength 

[MPa] 

ABS plastic  2.3  40   

Aluminum  69  110  95 

Copper  117  220  70 

Polyethylene 
HDPE  

(high density) 

0.8  15   

Stainless 
Steel, AISI 302 

180  860  502 

Steel, 
Structural 
ASTM‐A36 

207  400  250 

 
Through analysing the results, we can find that there is almost no necking 
happened in the tension test, which means there can’t be any shape 
deformation occurs when the product made by HDPE is extended and 
compressed. In the introduction part, we have said that the thin-walled tube 
is dissipation energy through the shape deformation. According to that, we 
think the HDPE and other materials whose plastic deformation is very less 
is not suitable to be the materials of thin-walled tube of the energy 
absorption device and we will try to use the following compression test to 
see what will happen. 
 

4.2 Compression Test  

The following compressed test we have done provides our conclusion. We 
compressed the specimens of two kinds of tube which shown in the figure 
4.1. After doing the compression tests, the tubes are shattered which is 
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shown in the figure 4.4 and figure 4.5. All the loading velocity we used is 
the 10mm/s which are the same as the tensile tests. In the figure 4.4 and 
figure 4.5, we can see both two kinds of specimens marked with 3 numbers. 
Both of them which marked number 1 are the specimens, have been 
compressed in 50% of their height. The number 2 ones have been 
compressed in 75% of their height. And, the others marked number 3 were 
the ones have been compressed in 85%. And,  some of the test data can be 
seen in Appendix A. 

 

Figure 4.4. The compression test for square tubes. 
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. Figure 4.5. The compression test for square origami tubes. 

 

4.3 Test Result and Discussion 

We can see that there are many clefts on the surface of two kinds of tube in 
the above figures. The HDPE can’t bear too much shape deformation so 
that it will be smashed. After analysing the data (Figure 4.6) we got from 
the three tests for each kinds of tube, the ability of energy absorption is too 
low as the same as we predicted. 
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(a) 

 
(b) 

Figure. 4.6 a) The compression data of the square tube, b) The compression 
data of the origami tube 
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Although the 3D printer can provide better geometry of origami tube than 
the stamped one, the HDPE as a main material of 3D printer is not suitable 
to be used as the material of thin-walled tube, which is a kind of brittle 
material.  

As the figure 4.6 shown, we still found that the origami tube has the better 
energy absorption ability than the conventional one, even the material of 
thin-walled tube is HDPE. 

As the materials are used to produce in wide variety of forms including 
plate, structural slap, bar, sheet and so on, the steel A36 is more suitable to 
be used to produce the thin-walled tube. With low carbon content, it isn’t 
too unyielding to achieve the plastic deformation what we expect for. From 
the figure 4.7 which has shown the tensile test of steel. 

Figure 4.7. The tensile test of steel. [10]  

The Young’s modulus, yield strength and other data of steel can be checked 
into the Table 2.1. What we have done in the following chapters are going 
to do some numerical simulation of the thin-walled tube which made by 
Steel, A36. 
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5 Numerical Simulations 

ABAQUS/Explicit has been used in this study. 

5.1 Conventional Square Tube 

5.1.1 The Geometry of the Square tube 

The size of square tube we chosen should be similar with the crash cans 
showed in the figure 1.2 of introduction. Here, we chosen the height of 
square tube is 120mm. The width of the cross section is 40mm. The figure 
5.1 is showing the model of square tube which we created by CATIA v5. 
The specimens we used in the compression test are printed by 3D printer 
according the STP file of this model, too. 

 

  

 

Figure 5.1. The Geometry of Square tube. 
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5.1.2 Finite Element Modelling 

We model the square tube directly in the Abaqus because we can regard the 
thin-walled square tube as shell and the geometry is simple. The whole 
model shown in the figure 5.2 is assembled by three parts, a square tube 
and two rigid plates. The two ends of tube are connected with the two rigid 
plates respectively. It is hard to add the boundary conditions in the ends of 
tube since the model we used is a shell, the thickness of which can be 
selected in the model. The two rigid plates can be considered as the two 
plates which we used to compress the tube in the experiment. One of them 
is completely fixed and the other one is a moving plate which is used to 
compress the tube. And, it is necessary to give the reference point for the 
two rigid plates because the two plates is a rigid plane, which was added in 
the middle of plate. 

 

Figure 5.2. The whole model assembled by three parts. 

And, the material properties of the steel square tube was modeled as the 
follow, 

Density, ρ 7800 ; Young’s modulus, E=207GPa; Poisson ratio, 

γ 0.3. The hardening characteristics in the FE model can be shown in the 
table 5.1. 

Table 5.1.  The properties of Elastic and Plastic. 
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Yield stress  158.7MPa  163.1MPa  186.3MPa  193.2Mpa  202MPa  207MPa 

Plastic strain  0  0.015  0.033  0.044  0.062  1.5 

 

5.1.3 The Buckling Simulation 

Before doing the axial dynamic compression simulation of the square tube, 
we need to consider the static compression simulation. The buckling 
simulation expresses the static state of the tube and it will be very important 
for doing dynamic simulation. The first step we should do is to calculate the 
buckling load. If the buckling load we given is bigger than the critical 
buckling load in the simulation, we can get the accuracy result of the static 
simulation because the model will start dynamic moving in the practical 
experiment. The equation 3.3.1 is the formula derived by Timoshenko 
(1961) to calculate the critical buckling load [11], 

,                                                                  5.1 

where, E is the Young’s modulus, I is the moment of inertia of the cross 
section and L is the length of member. 

When it comes to the thin-walled square tube, Timoshenko (1961) derived 
the equation 5.1 to the equation 5.2. The experiment made by Meng et al , 
which found that there is no bending moment at the corners and therefore 
each side of the tube can be treated as rectangular plate simply supported 
at its edges [11], provide the equation 3.3.2 can express the buckling load 
of relatively thin-walled square tubes. 

                                                    3.3.2 

in which, t is the thickness, b is the width, and γ is the Poisson ratio. 

We did the buckling simulation according to the critical buckling load what 
we have calculated. The buckling load added on the reference point like the 
below figure 5.3 shows, 
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Figure 5.3. The Buckling load. 

After submitted the data, we can get the results of buckling simulation as 
figure 5.4. We can get the eigenmode values which have been listed in the 
figure and we can also see the static shape deformation. 

 

Figure 5.4. The Results of buckling simulation. 

By adding the following commands into the keywords of model in Abaqus, 
we can get the results file output for the nodal displacement in order that we 
can use the buckling analysis results to do the next simulation. 
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*NODE FILE 

U,  

*OUTPUT, FIELD, VARIABLE=PRESELECT, FREQUENCY=1 

*NODE PRINT, FREQUENCY=0 

*EL PRINT, FREQUENCY=0 

*END STEP 

5.1.4 The Dynamic crushing simulation of the square tube 

The buckling simulation can be seen as the preparations of dynamic 
crushing simulation. The reason why we do the buckling simulation is that 
the research model is Square tube. For making the results of crushing 
simulation enough closely to the experimental situation, modelling of 
geometrical imperfections may be necessary in simulation. 

In the experiment, the thin-walled square tube is not an ideal model. The 
surfaces of it are not perfect planes, and the edges of it are not perfect lines 
as the following figure 5.5 shows. 

 

Figure 5.5.  The geometrical imperfection of the square tube. 

To obtain mesh imperfection for each eigenmode that are maximum of 2% 
of the shell thickness (0.001m x 0.02 = 2.0x 10 m) for the first eigenmode 
and a decreasing percentage as the eigenmode number increase as follow 
figure 5.6 in the keywords of model [12], 
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Figure 5.6. The mesh imperfection for each Eigenmode. 

After using the imperfection, the deformation of the square tube we get 
from the Abaqus will be closely to the deformation from the practical 
experimental results. 

Here, we tried to use the two ways to do the simulation. The first kind of 
simulation is based on the experimental conditions. The conventional 
square tube is assumed to put in a tensile testing machine to do the 
compression test. We give the distance that how much the square tube will 
be compressed and start the dynamic simulation. We can get the reaction 
force of every displacement what we want. Here, we want to do the 
research for knowing the capability of energy absorption. For the reason 
that the distance we given should be enough to make the tube compressed 
completely like the following figure 5.7 shows. 
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Figure 5.7. The compressed distance we have given in the simulation. 

The deformation of the first kind of simulation will be shown in the figure 
5.8, 

 

Figure 5.9. The deformation of the square tube with the given amplitude. 
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The second kind of simulation depends on the realistic conditions which 
can’t be present in the tensile testing machine. To consider that the square 
tube is used as the crash can of car, we give the initial velocity at the one 
end of it to do a dynamic crashing simulation. The initial velocity what we 
given is 20mph. The deformation we get is the same as the figure 5.9. 

And, the reaction force changed with the compressed distance shows in the 
figure 5.10. The peak force and the mean crushing force have been marked. 

 

(a) 

 

(b) 
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Figure 5.11. The Reaction Force, a) is the simulation which be given 
amplitude, b) is the simulation which be given initial velocity. 

In the figure 5.11 b), it can be seen clearly that the reaction force not get the 
peak force directly as the figure 5.11 a) shows. The problem should be 
caused by the initial velocity so that it needs some time to reach the peak 
force, but the peak force and the mean crushing force of both are similar. 
The peak force is 25412 N and the mean crushing force is around 9033 N. 

The thickness t of tube is 0.001 m and the width b is 0.04 m. And, the value 
of b/t is 40, which is bigger than 7.5 so that the model can be seem as 
inextentional failure mode. Therefore the equation 3.6 is suitable here and 
the mean crushing force we get by theoretical calculation is, 

9360.3 N 

Comparing with the mean crushing force we get from the simulation of 
Abaqus, we found the value is very closely so that the results we get from 
Abaqus are acceptable. 

5.2 Numerical Simulation of Square Origami tube 

5.2.1 The Geometry of Origami Tube 

According to the parameters of the conventional square tube, we chosen the 
width b=40mm, the corner width c=20mm, and the module length  
=40mm. To substitute these parameters into the equation (eq. 3.5), the 
angle		 71.655° can be got so that the 2 =143.31°. 

The above geometry is the size of one module square origami tube. The 
square origami tube is combined by three modules so that the height of the 
tube will be closely to the conventional square tube. And, we have to 
mention that the length  of the pattern for the tube is not the length of a 
module of the tube. When we folded the pattern (figure 3.2) according to 
the angle 2  what we have calculated, the length of module is reduced to 
39.13mm. Therefore, the height of the origami tube is 117.4 mm. All 
parameters of the square tube can be expressed in the following figure 5.12, 
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Figure 5.12. The geometry of the Square Origami tube. 

5.2.2 Finite Element modelling 

It is difficult to create the square origami tube directly in the Abaqus cause 
it is still a kind of CAE software even it has some simple modelling 
function. With the help of CATIA v5, the square origami tube was designed 
as the figure. 5.13 showing, 
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Figure 5.13. a) Square origami solid, b) Square origami tube. 

In the figure 5.13 b), what we see is the square origami solid in figure 5.13 
a) with the ‘shell’ command in the CATIA, which is a square origami tube 
with 1mm thickness. However, we can’t import the CAD file of figure 5.13 
b) directly into ABAQUS. If we want to import it, we must assign it as 
solid, but the deformation we want will be completely different. Otherwise, 
the thickness of the shell will affect the interaction if we import and assign 
it as a shell. We can’t contact the inside and outside surface of the tube like 
the figure 5.15 shows. Thus, we imported the file which the figure 5.13 a) 
shown into the Abaqus. The ‘Geometry Edit’ function can be used to 
remove the top and bottom surface of the solid to make the model become 
the tube shown in figure 5.14, where the wall’s thickness of the tube 
disappears and the thickness can be defined in the section part. 
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Figure 5.14. Assign the tube as a shell with 1mm thickness. 

 

After the model becomes a shell with less thickness, the inside and outside 
surface of the wall can be given the relationship in the interaction step. The 
self-contact is given as the following figure 5.15, 

 

Figure 5.15.The self-contact relationship given to the two sides of the 
thinned-wall 

Then, we can assemble it with two rigid plates as the same we do for the 
conventional square tube as the figure 5.16 shows. In this case, it is not 
necessary to consider the ‘imperfection’ problem because of that the tube 
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already has the pattern. The pattern of tube effects much more on the shape 
deformation than the geometrical imperfection. 

 

Figure 5.18.The assembly of the origami tube. 

The properties of the materials and the hardening characteristics we gave 
are the same as the square tube which can be found in the table 5.1. 

Except for all the things we mentioned above, the ‘mesh’ part should be 
paid more attention. The model is a shell, which means the element size 
must be larger than the thickness if you want to give a finer mesh in the 
tube. Otherwise, the Abaqus will give you an error message after you 
submitted. 

5.2.3 The Dynamic crushing simulation of the square origami tube 

As the above chapter said, we can go to doing the dynamic axial crushing 
of the origami tube simulation directly without considering the static 
crushing simulation. Two kinds of simulation are taken place like what we 
did to the conventional square tube. The same conditions will be given in 
order to make it easier to compare the results with the conventional square 
tube. 

The conditions of the first simulation were given still like what we can do 
in the experiment. The figure 5.19 shows the distance of the totally 
compressed. 
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Figure 5.19. The amplitude of the origami tube. 

The deformation we get of the origami tube from x-y plane as the figure 
5.20 shows after the all conditions are given and submitted. 

 

Figure 5.20. The deformation of the Square Origami tube. 

The next simulation is based on the real crushing accident. The initial 
velocity is still given by 20mph. All the other conditions are given no 
different with the first simulation. The deformation we got is the same as 
the first simulation like the figure 5.20 shows. 
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The mean crushing force and the peak force we get from the ODB files are 
showing as the below figure 5.21, 

 

(a) 

 

(b) 

Figure 5.22. The reaction force of the Square origami tube: a) is the 
simulation which be given amplitude, b) is the simulation which be given 

initial velocity. 
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The figure 5.11 and figure 5.22 express that the peak force and the mean 
crushing will not change a lot when the crushing condition changes. 

All the simulations we have done above are the origami tube made by steel 
A36. For comparing with the results of experiment, we also tried to do the 
simulation with the square origami tube made by HDPE. The characteristics 
of HDPE we used in the simulation depend on the tensile test of the HDPE 
(figure. 4.3). And, the true stress, true strain and engineering stress and 
strain [13] can be calculated according to the data in appendix A from the 
experiment of tensile test in appendix B. 

After this, we can get the simulation results and the deformation can be 
seen as the figure 5.23. In the figure, we can see that there is no any broken 
happened and the origami tube is not shattered in the simulation. The 
reason why this happened is the simulation we did without any damage 
parameters. 

 

Figure 5.23. The shape deformation of the Origami tube made by HDPE 

5.3 The Results’ Comparison of Experiment and 
Simulation 
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Figure 5.3. The reaction force of experiment and simulation 

In the above figure 5.3, we can find that the reaction forces from 
experiment and simulation are totally different. The peak force from the 
simulation is much lower than the experimental one. And, the mean 
crushing forces we can get from simulation is bigger than the experimental 
one, which means the energy absorption ability is higher in simulation than 
the experimental one. In fact, it is impossible because the origami tube is 
the same one. The reason makes the difference between experiment and 
simulation we think, is that the experimental model is a failure model, the 
surface of which is broken during the compression test. The another reason 
why this happened is that the HDPE is a kind of brittle material so that the 
tensile test data is not the same as the compressed test data. If the material 
is steel, the compressed test data will be the same as the tensile test data. 
Thus, the origami tube made by steel will not be influenced by the tensile 
test data, the simulation results of which will be the same as the 
experimental results. 

 

5.4 The Energy absorption Comparison 

For this case, we are only researching a part of energy absorber The SEA is 
usually used as an indicator of the weight efficiency of an energy absorber. 
Thence, the mean crushing force and the crush force efficiency is much 
more useful here by comparing with the SEA. 
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Table 5.2. Comparison of Energy Absorption. 

Type of tube 

Peak 
Force  

[N] 

Mean crushing 
Force  

[N] 

Crush force 
Efficiency 

Conventional square 
tube 

25412  9033  0.408 

Square Origami tube  16915  14774  0.873 

 

Through analysing the table 5.1, whether the mean crushing force or the 
crush force efficiency shows that the performance of energy absorption of 
origami tube is much better than the conventional one. 

 

 



 37

6 How the Energy Absorption ability by 
Cracks 

From the above comparison, we know that the Origami tube can absorb 
more energy than the conventional square tube because of its origami 
pattern, which can dissipate energy. Thus, the origami pattern is the place 
where energy concentrates at. In the figure 6.1, we can see the marked 
region is the energy concentration place. 

 

Figure 6.1. The place where the energy concentrate at. 

In the material test part of the report, we found the origami pattern can’t 
hold the energy here (figure 4.5) so that this kind of places is broken in the 
compression test of the origami tube. If some cracks happened in this place, 
the energy absorption ability of the Origami Square tube will be effects or 
not. 

6.1 Adding the cracks 

In the first step, we will try to add on crack on the pattern with 2 mm length 
as the figure 6.1.1 shows. 
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Figure 6.1.1.Creating a 2mm Crack on the middle pattern 

By comparing to the origami tube without crack, the results we got is 
almost no change happened after simulating the compression of the tube 
with 2mm crack.  From figure 6.1.2, we can see that the peak force and the 
mean crushing force is similar to what we get in the figure 5.22 a), which 
means the 2 mm crack give less influence on the capacity of the energy 
absorption. 

For proving whether adding crack will influence the energy absorption or 
not, we can use two ways to figure it out. The first way is to add more 
cracks on the tube. The 2mm crack has been added in the each of four 
surfaces with origami pattern as figure 6.1.2 
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Figure  6.1.2. The four cracks marked as red line. 

The other way is to increase the size of the crack. Thus, we increased the 
length of crack to 4mm as the figure 6.1.3 shows.  

 

Figure 6.1.3. The 4mm crack. 

After doing the simulation, the shape deformations have not changed much 
in these two ways, but the distribution of energy looks little difference from 
the figure. 6.1.3 from the tube with 4mm crack. The two figures are put 
together in figure 6.1.4 to be compared. The place where the crack added 
shows less energy than the previous one. 
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Figure 6.1.4 a) is the tube without cracks; b) is the tube with 4mm cracks 

However, it just illustrates that the 4mm crack can change the energy 
distribution. The further analysis about the peaking force and the mean 
crushing force can explain whether the two ways will be enhancing the 
ability of energy absorption or not. The figure 6.1.4 gives the reaction force 
of the two tubes with different cracks. 
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(a) 

 

(b) 

Figure. 6.1.5. The reaction force: a) is the tube with four 2mm cracks; b) is 
the tube with one 4mm crack. 
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6.2 Comparison with the tube without cracks 

First, we try to put the reaction force spectrums from three kinds of origami 
tube together like the figure 6.2.1 shows, 

 

Figure. 6.2.1. The reaction force from origami tube with different kinds of 
cracks. 

We can see that the mean crushing force of the 4mm cracks is the lowest in 
the three kinds of simulation. And, the three peak forces look almost same 
from the spectrum. Through the roughly analyse, we can get the 4mm crack 
is reduced the energy absorption ability more than the four 2mm cracks. 

For getting more accuracy results, the table 6.2.1 is the value of force we 
get from the reaction force spectrums (figure 6.2.1). And, we also put the 
value of the tube without cracks into the table. Though comparing the data, 
it’s obviously that the origami tube without the cracks has the good 
performance in the energy absorption. 
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Table 6.2.1. The Comparison of three kinds of tube. 

Origami tube 
Peak Force 

[N] 

Mean crushing 
Force  

[N] 

crush force 
efficiency 

Without crack  16915  14774  0.873 

Four 2mm 
cracks 

17024   14006  0.823 

One 4mm 
crack 

17136  13177  0.734 

 

And, we can say that the four 2mm cracks affect the energy absorption less 
than the one 4 mm crack, but the crush force efficiency still reduced about 
5%, but we can see the peak force is increasing when the crack happens. 
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7 Conclusion and future work 

From the comparison of the experimental and simulation results, we found 
the thin-walled tube should be made by the materials which can give good 
deformation. The brittle materials can provide better peak force, but it can’t 
provide enough deformation to disperse the energy when the crushing 
happens. Though observing the simulation results of origami tube and 
conventional one, we can see the origami tube has the much better energy 
absorption ability than the conventional square tube, but there will be some 
cracks happened in the manufacturing. How much the ability will be 
reduced depends on the size and the number of cracks. The bigger cracks 
the more energy absorbing decreased. In the manufacturing, we should 
avoid to the cracks appear at the stress concentrations.  

In this report, we only discuss the crack happens at the middle patterns 
because it can reflect whether the cracks will effect on the energy absorbing 
basically. In the future work, we can try to add the cracks in the other 
pattern and see what will happen by numerical simulation. It may be can 
figure out the cracks happens in some where is must be avoided. And, the 
crack happens in some place is acceptable because it will influence less on 
the ability of energy absorption. According to this, we can distinguish the 
tube with which kind of cracks can be used and which kind can be not used 
if some cracks happened in the manufacturing. 

We only created the square origami tube to do the numerical simulation. 
Next step, we can add the cracks in the different kinds of origami tube to do 
some research to see how the cracks effect on the different cross-section 
tube. 

Finally, we can also do some compression test on the origami tube with 
some cracks, which is made by steel. 
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9 Appendix 

9.1 Appendix A 

Result of tensile tests (in MD) 
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The average data of tensile tests  

  

Time 

(s) 

Extension 

(mm) 

Load 

(N)  
… … 

0.3 0.004 0.884 8.1 1.305 223.413 40 6.622 366.603 

0.4 0.021 3.68 8.2 1.322 225.852 40.1 6.638 366.354 

0.5 0.038 7.13 8.3 1.338 228.646 40.2 6.655 366.494 

0.6 0.055 10.286 8.4 1.355 231.055 40.3 6.672 366.324 

0.7 0.071 13.802 8.5 1.372 233.776 40.4 6.688 366.21 

0.8 0.088 17.303 8.6 1.388 236.459 40.5 6.705 366.266 

0.9 0.105 20.626 8.7 1.405 238.88 40.6 6.722 365.923 

1 0.122 23.965 8.8 1.422 241.471 40.7 6.738 366.004 

1.1 0.138 27.034 8.9 1.438 243.879 40.8 6.755 365.74 

1.2 0.155 30.671 9 1.455 246.633 40.9 6.772 365.835 

1.3 0.172 33.738 9.1 1.472 248.911 41 6.788 365.548 

1.4 0.188 37.127 9.2 1.488 251.593 41.1 6.805 365.482 

1.5 0.205 40.31 9.3 1.505 254.269 41.2 6.822 365.428 

1.6 0.222 42.664 9.4 1.522 256.745 41.3 6.838 365.079 

1.7 0.238 44.649 9.5 1.538 259.212 41.4 6.855 364.942 

1.8 0.255 46.243 9.6 1.555 261.5 41.5 6.872 364.479 

1.9 0.272 48.707 9.7 1.572 264.256 41.6 6.888 363.941 

2 0.288 51.11 9.8 1.588 266.508 41.63 6.893 24.833 
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Data of compressed test (Origami Tube) 
  

Test Method; 

MTS Simplified 

Compression_Jan_2013_02_19.msm 

Sample I. D.;"Sample28.mss" Sample I. D.;"Sample28.mss" 

Specimen Number;"1" Specimen Number;"2" 

Time 

(s) 

Extension 

(mm) 

Load 

(N) 

Time 

(s) 

Extension 

(mm) 

Load 

(N) 

0.6 -0.02764 2.34 1 -0.0306 5.52 

1 0.03918 45.05 1.8 0.1027 123.57 

1.4 0.10574 124.64 2.6 0.23617 280.65 

1.8 0.17231 208.77 3.4 0.36943 439.2 

2.2 0.23913 285.92 4.2 0.50272 597.47 

2.6 0.30595 360.89 5 0.63619 744.57 

3 0.37256 438.47 5.8 0.76932 890.16 

3.4 0.43908 514.66 6.6 0.90288 1030.47 

3.8 0.50577 588.07 7.4 1.03596 1169.96 

4.2 0.57255 660.85 8.2 1.16952 1287.27 

4.6 0.63924 733.1 9 1.30264 956.15 

5 0.70576 811.11 9.8 1.43616 866.2 

5.4 0.77236 883.66 10.6 1.56937 769.15 

5.8 0.83914 951.25 11.4 1.70275 742.08 

6.2 0.90597 1019.25 12.2 1.83618 742.56 

6.6 0.97257 1087.98 13 1.96935 737.16 

7 1.03905 1148.74 13.8 2.10291 731.31 

7.4 1.10574 1209.54 14.6 2.23599 728.6 

7.8 1.17256 1272.07 15.4 2.36959 694.95 

8.2 1.23925 1325.92 16.2 2.50267 592.39 

8.6 1.30577 980.57 17 2.63619 559.73 

9 1.37238 960.43 17.8 2.76935 544.81 

9.4 1.4392 940.65 18.6 2.90283 560.31 

9.8 1.50598 869.54 19.4 3.03608 546.82 

… … 

51.4 8.43904 253.96 100.2 16.50283 156.98 

51.8 8.50582 257.99 101 16.63591 157.65 

52.2 8.57264 255.7 101.8 16.76951 155.64 

… … 

359.4 59.83914 256.15 509.8 84.76908 367.29 

360.18 59.90216 259.26 510.17 84.83058 366.39 
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Sample I. D.;"Sample28.mss" 

Specimen Number;"3" 

Time 

(s) 

Extension 

(mm) 

Load 

(N) 

1 0.07719 90.89 

1.8 0.21083 253.79 

2.6 0.34395 409.05 

3.4 0.47747 561.33 

4.2 0.61059 717.33 

5 0.74415 857.1 

5.8 0.87728 998.53 

6.6 1.01071 1135.29 

7.4 1.144 1261.8 

8.2 1.2773 976.32 

9 1.41073 860.63 

9.8 1.54394 835.04 

10.6 1.6775 824.32 

11.4 1.81062 744.97 

12.2 1.94418 739.57 

13 2.07731 733.38 

13.8 2.21078 737.73 

14.6 2.34395 741.06 

15.4 2.47742 718.88 

16.2 2.61072 674.92 

17 2.74397 679.18 

17.8 2.87748 682.31 

18.6 3.01061 681.32 

19.4 3.14417 664.35 

20.2 3.27725 631 

21 3.41085 626.84 

21.8 3.54398 545.01 

22.6 3.6774 557.82 

23.4 3.81066 562.15 

24.2 3.94404 561.7 

… 

597.8 99.54364 1300.82 

598.6 99.6769 1322.46 

599.4 99.81032 1314.45 

600.17 99.93809 1316.97 
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9.2 Appendix B 

Matlab Code of calculating the Young’s Modules, engineering stress and 
strain. 

clear all;close all;clc 

 

load plastictianchentensiontest1 

 

a=plastictianchentensiontest1; 

figure(1) 

plot(a(:,2),a(:,3)) 

 

gauge_length=58e-3 % dimention in meters 

thickness=1.2e-3 

Width=10e-3 

area=Width*thickness 

 

% Stress-Strain plot 

nstress=a(:,3)/area; 

extension_m=a(:,2)*1e-3; 

nstrain=extension_m/gauge_length; 

figure(2) 

plot(nstrain,nstress) 

 

e_modulus=(nstress(90,:)-nstress(30))/(nstrain(90,:)-nstrain(30,:)) 

 

%% Plasticity data  
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tstress=nstress.*(1+nstrain); %true stress 

tstress(1:20:length(tstress)) 

disp('True Stress::::::::::') 

tstrain=log(1+nstrain); % true strain 

% (The strains provided in material test data used to define the plastic 
behavior are not likely to be the plastic strains in the 

....material. Instead, they will probably be the total strains in the material. 
You must decompose these total strain values into 

....the elastic and plastic strain components. The plastic strain is obtained by 
subtracting the elastic strain, defined as the value 

.....of true stress divided by the Young's modulus, from the value of total 
strain)  

tpstrain=tstrain-(tstress./e_modulus); 

tpstrain(1:20:length(tpstrain)) 

%disp('True Plastic Strain::::::::','tpstrain') 

%disp('True Plastic Strain::::::::') 

 

figure(3) 

plot(tstrain,tstress,'b',nstrain,nstress,'m') 

figure(4) 

plot(tpstrain,tstress,'r',nstrain,nstress,'m') 

%axis([0 0.035 0 13e7]) 
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