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Abstract 

With an increasing number of traffic accidents, more and more people are 
injuring or even dying during the collision. One of the main reasons is frontal 
collisions. Therefore, the safety system is a very important part of the vehicle. 
In order to ensure the passengers’ safety, the common way to minimize 
mortality and property damage in a collision is to install energy absorption 
device in the vehicle structure called crash box.  

We propose to implement the principle of the origami pattern to improve the 
traditional bumper system, let the bumper have folding property. Origami 
properties make it useful to apply in a variety of engineering fields. The thin-
walled tube and beam will undergo elastic deformation to decrease the impact 
force and absorb more kinetic energy.  

We use Autodesk Inventor 2012 to model the seamless origami pattern tube, 
and do the simulation by ABAQUS to analyze the displacement of axial 
compression and the impact force. The numerical results show that origami 
patterns perform well. Then we can obtain the plot with relationship between 
force and displacement in the elastic behavior and in the elastic-ideal plastic 
behavior.  

As for manufacturing field, we analyze existing manufacturing methods inclu
de stamping and tube hydroforming, compare them to find their features. Mea
nwhile we try to explore a new way to improve the accuracy and efficiency of
 manufacturing origami pattern tube.  

 

Keywords:  
Crash Box, Energy Absorption Device, Elastic-ideal Plastic, Finite Element 
Modelling, Manufacturing Techniques, Origami Pattern, Thin-walled Tube 
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 Introduction 1
 Accident Background 1.1

The investigation reports show that each year 5% of deaths are because of 
accidents, and the topmost cause of accidental death with 54% is from roads, 
as shown in Figure 1.1. The main reason is frontal collision, leading to the 
damages of the structures of the vehicles and the surrounding environment, 
[1]. 

 
Figure 1.1: The top causes of accidental death [2] 

 Energy Absorption Devices 1.2

Energy absorption device should be stable and have repeatable deformation 
mode to avoid the impact. Meanwhile, people should consider lightweight, 
low cost and easy manufacturing, [3]. 

In order to minimize the loss of life in an impact accident, a most common 
way is to install energy absorption devices in the structures. Then convert 
kinetic energy into another form of energy so that it can reduce damages. 

Mostly is frontal collision causes bumper damages and lead to personal 
injuries. In a very short time, the collision object will have a great force. So 
the energy absorption system is an important part, it can absorb energy and 
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reduce the impact force to the main car body with the material of high 
strength steel.  

 
Figure 1.2: The strength material of the bodywork [4] 

Figure 1.2 shows that a safer body design of the new Volvo's S40. It uses four 
different kinds of steel to absorb crash force. A low-speed deformation zone 
in the front bumper consists of rigid boron steel cross members, which attach 
to longitudinal members designed to form “crash boxes”. It can replace easily 
and inexpensively and absorb most of the impact force, [4]. 

 Crash Box 1.3

Crash box, is one of the most important automotive parts for crash energy 
absorption. It is a component located at the both end of front/rear bumper of 
an automobile those folds like an accordion to lessen the impact in the event 
of a collision, [5]. 

Crash box system offers 20% weight savings with equivalent performance. In 
addition, it offers manufacturing cost savings of up to 10% per unit, [6]. 

In case of frontal crash accident, crash box will collapse with absorbing crash 
energy prior to the other body parts, as shown in Figure 1.3. 

Crash Box 
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Figure 1.3: Conventional crash box [7] 

 Origami 1.4

Origami is the ancient art of Japanese paper folding, an art form spanning 
over 1000 years. Models are folding by following instructions exactly. 
Experiment with different folds may lead to a new, original paper-fold, [8]. 

Nowadays, people use paper-folding ideas to explore the infinite possibilities 
in technically advanced science projects. There are some applications in space 
engineering, car facility, medical field and so on. 

 
(a) 
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(b) 

 
(c) 

Figure 1.3: The applications of the origami science [9][10] 
As shown in Figure 1.3(a), it is called Space Flight Unit (SFU). On Earth, the 
solar array is folded into a compact parallelogram, and then in space, it was 
expanded into a solar sail. The method of folding the solar panels is called 
"Miura-ori" (tessellation origami), [9]. 

As shown in Figure 1.3(b), it is an airbag in cars. Professional origami artists 
design an algorithm, which will allow computer simulations of airbag folding 
and deployment. This allowed the company to evaluate the efficiency of the 
airbags without actually doing a crash test, [10].  

As shown in Figure 1.3(c), it is an origami stent, which may be used to 
enlarge clogged arteries and veins. The water bomb base from origami is used 
to design the origami stent, [10]. 
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 Survey of Related Work 2
 Crash Box 2.1

An advanced application of the Mercedes-Benz C-Class became the first car 
to use an all-aluminum crash management system (CMS), featuring an 
inserted crash box, as shown  in Figure 2.1. 

 
Figure 2.1: Mercedes-Benz Crash management systems [11] 

Mazda's new Atenza adopted high-efficiency crash box that uses Sumitomo 
Metals’ steel materials. The crash box designed with this technology can 
absorb more than twice the impact energy of the conventional crash box, as 
shown in Figure 2.2. 

 
Figure 2.2: New Mazda Incorporates High-Efficiency Crash Box [12] 

There are deformable elements and crash boxes at the front of Peugeot 3008，
as shown in Figure 2.3. 

http://www.constellium.com/aluminium-products/automotive-structures/automotive-system-solutions/vehicle-crash-management-systems
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Figure 2.3: Peugeot 3008 high resistance Crash Box [13] 

 Thin-walled Tube 2.2

Thin-walled tubes are widely applications used as crash box because of their 
lightweight, low cost and easy manufacturing. Thin-walled tubes with 
different cross-sections are widely used as energy absorbing devices in 
industrial products. In the past decades, people have made many efforts to 
improve the characteristics of the energy absorption devices and crash box. 
When metal thin-walled tube undergoes the axial impact, by virtue of its 
displacement buckling, it can absorb energy to reduce the strong impact, [14]. 

As shown in Figure 2.4, square and circular tubes are the most common 
geometrical shapes in the industrial products. When subjected to axial loads, 
square and circular tubes have similar force-displacement curves. 

 
Figure 2.4: The shape of square tube and circular tube [15] 
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As shown in Figure 2.5, the crash box combines two or more frets obtained 
from plate pressing. The hexagonal section optimizes energy efficiency. 

 
Figure 2.5: The shape of origami tube [16] 
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 Objectives, Statement and 3
Contributions 

The objective of this thesis is to develop an energy absorption device for 
better ensure the passengers’ safety and minimize property damage in a 
collision. We decide to research and simulate the existing origami tube as a 
bumper support, which can absorb energy and protect the car structure during 
a low speed collision, as shown in Figure 3.1.  

The specific problem is how to define the most suitable FEM method to 
simulate tube with in elastic and elastic-ideal plastic, and how to using FEM 
method to discover the relationship of force-displacement and the stress-strain. 

 

Figure 3.1: The model of the origami pattern 
We have taken existing square origami tube, used Autodesk Inventor to model 
the ideal modeling and used ABAQUS to do the simulation. Designed and 
simulated with in elastic and elastic-ideal plastic to find the force with in 
elastic limit. Then through the results, we analyzed and explained the 
relationship between the force and displacement. 
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 Theory Background 4
 Compression Test 4.1

A compression test is a method for determining the behavior of materials 
under a compressive load. Have a compression tests by loading the test 
specimen between two plates, and then applying a force to the specimen by 
moving the crossheads together. It usually provides a plot of deformation vs. 
compressive force, [17]. 

It is usually a laboratory test involving a special machine, a compression 
tester, to apply controlled compression on a test specimen. A universal testing 
machine is sometimes configured, [18]. 

A universal testing machine, also known as a universal tester, materials 
testing machine or materials test frame, is used to test the tensile stress and 
compressive strength of materials, as shown in Figure 4.1, [19]. 

 
Figure 4.1: Tensile / compression testing machine [20] 

http://en.wikipedia.org/wiki/Deformation_(engineering)
http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Laboratory_specimen
http://en.wikipedia.org/wiki/Universal_testing_machine
http://en.wikipedia.org/wiki/Universal_testing_machine
http://en.wikipedia.org/wiki/Physical_test
http://en.wikipedia.org/wiki/Tensile_stress
http://en.wikipedia.org/wiki/Compressive_strength
http://en.wikipedia.org/wiki/Materials
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 Compressive Strength 4.2

In the study of strength of materials, the compressive strength is the capacity 
of a material or structure to withstand loads leading to reduce size. The 
ultimate compressive strength of a material is that value of uniaxial 
compressive stress reached when the material fails completely. 

A Stress–strain curve is plotted by the instrument and would look similar to 
the Figure 4.2. 

 
Figure 4.2: True Stress-Strain curve [21]  

The compressive strength is usually obtained experimentally by means of a 
compressive test .The compressive strength of the material would correspond 
to the stress at the red point shown on the curve.  

In a compression test, there is a linear region where the material follows 
Hooke's Law. Hence, in this region σ = 𝐸ϵ, E refers to the Young's Modulus 
for compression. In this region, the material deforms elastically and returns to 
its original length when the stress is removed. 

This linear region terminates at what is known as the yield point. Above this 
point the material behaves plastically and will not return to its original length 
once the load is removed, [21]. 

 Cauchy Stress Tensor  4.3

In continuum mechanics, the Cauchy stress tensor is a tensor (that is, a linear 
map) that describes the state of stress at a point inside a material. In any 
chosen Cartesian coordinate system, the tensor can be written as a 3×3 

Compressive  
Strength 

http://en.wikipedia.org/wiki/Strength_of_materials
http://en.wikipedia.org/wiki/Material
http://en.wikipedia.org/wiki/Compressive_stress
http://en.wikipedia.org/wiki/Stress%E2%80%93strain_curve
http://en.wikipedia.org/wiki/Hooke%27s_Law
http://en.wikipedia.org/wiki/Yield_point
http://en.wikipedia.org/wiki/Plasticity_(physics)
http://en.wikipedia.org/wiki/Continuum_mechanics
http://en.wikipedia.org/wiki/Tensor
http://en.wikipedia.org/wiki/Linear_map
http://en.wikipedia.org/wiki/Linear_map
http://en.wikipedia.org/wiki/Stress_(mechanics)
http://en.wikipedia.org/wiki/Cartesian_coordinate_system
http://upload.wikimedia.org/wikipedia/commons/d/d0/Engineering_stress_strain.svg
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symmetric real matrix, and is therefore determined by six independent 
parameters, as shown in Figure 4.3. 

 
Figure 4.3: Components of stress in three dimensions [22] 

The nine components σij of the stress vectors are the components of a second-
order Cartesian tensor, which completely defines the state of stress at a point 
and is given by 

𝜎 = �
𝜎11 𝜎12 𝜎13
𝜎21 𝜎22 𝜎23
𝜎31 𝜎32 𝜎33

� (1) 

Where σ11, σ22, and σ33 are normal stresses, and σ12, σ13, σ21, σ23, σ31, and σ32 
are shear stresses, [22]. 

Table 6.4, Figure 6.12, Figure 6.13 and Figure 6.14 show the results of stress 
components from ABAQUS simulation. 

 Hooke’s Law 4.4

Hooke's equation in fact holds (to some extent) in many other situations 
where an elastic body is deformed. An elastic body or material for which this 
equation can be assumed is said to be linear-elastic. 

Hooke's law is only a first order linear approximation to the real response of 
springs and other elastic bodies to applied forces. It must eventually fail once 
the forces exceed some limit, since no material can be compressed beyond a 
certain minimum size, or stretched beyond a maximum size, without some 
permanent deformation or change of state, [23]. 

http://en.wikipedia.org/wiki/Elasticity_(physics)
http://en.wikipedia.org/wiki/Linear_elasticity
http://en.wikipedia.org/wiki/Taylor_series
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Its extension (strain) is linearly proportional to its tensile stress σ, by a 
constant factor, the inverse of its modulus of elasticity E, hence: 

𝐸 = 𝜎
𝜀
 (2) 

Where 

𝜀 = ∆𝐿
𝐿

 (3) 

 Elastic and Plastic Deformation 4.5
So far, we have considered the elastic deformations when a load is applied. 
Some of them obey Hooke's law, so the relationship between stress-strain is 
linear. Elastic deformation is the ability of the material to regain its original sh
ape after the external load is removed. For large loads, the material plastic 
deformation is permanent.  

4.5.1 Stiff-ideal Plastic Behavior 

Materials for which the elastic region is very small are called plastic 
materials. It is the idealization for such a material. The material flows when a 
certain stress state is reached, [24]. 

To characterize plastic behavior, a number of idealized responses have been 
identified. For the simplest response shown in Figure 4.4, the behavior is 
termed stiff-ideal plastic since no deformation occurs before the yield point 
has been reached and since the yield stress is unaffected by the amount of 
plastic strains, [25]. 

 
Figure 4.4: stiff-ideal plastic behavior [25] 

http://en.wikipedia.org/wiki/Tensile_stress
http://en.wikipedia.org/wiki/Modulus_of_elasticity
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4.5.2 Linearly Elastic Behavior 

Materials are elastic for large deformations called elastic materials. Figure 4.5 
shows an ideal elastic material--in this case, it also obeys Hooke's law, and is 
called a linearly elastic material. 

 
Figure 4.5: stiff-ideal plastic behavior [25] 

This is the reason that the relationship between force and displacement in 
Figure 6.10 is a linear graph. 

4.5.3 Elastic-ideal Plastic Behavior 

Most metals undergo elastic deformation for small loads and deform 
plastically for larger loads. There is certain amount of increase in stress when 
the material deforms plastically for most metals.  

For an ideal plastic, the stress required for dislocations to continue slipping is 
a material constant and does not depend on prior strain, [26]. 

With obvious notation, the behavior shown in Figure 4.6 is termed elastic-
ideal plastic behavior. Meanwhile, the elastic plastic approximation is good 
enough simple analysis. 

 
Figure 4.6: stiff-ideal plastic behavior [25] 
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This is the reason that the relationship between force and displacement in 
Figure 6.15 looks like. 

 Stress-Strain Curve 4.6

The relationship between stress-strain that a particular material displays is 
known as that material’s Stress-Strain curve. It is unique for each material and 
is found by recording the amount of deformation (strain) at distinct intervals 
of tensile or compressive loading (stress), [27]. 

 
Figure 4.7: Stress-Strain curve [28] 

Figure 4.7 is shown typical yield behavior for non-ferrous alloys. Stress (𝜎) is 
shown as a function of strain (𝜀). 
Low carbon steel generally exhibits a linear stress–strain relationship up to a 
well-defined yield point. The linear portion of the curve is the elastic region 
and the slope is Young's Modulus (E), [28]. 

http://en.wikipedia.org/wiki/Yield_strength
http://en.wikipedia.org/wiki/Young%27s_Modulus
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 Pattern Selection and Modelling 5
 Selection and detail of Origami Pattern  5.1

5.1.1 Selection of Origami Pattern  

Through browsing the internet, we got plenty of origami tube with various 
patterns, as shown in Figure 5.1.  

 
Figure 5.1: Various origami pattern tube [29] 

We worked the various pattern tubes out by hand, and then compare their   
yield strength and material cost roughly. Finally we selected the one which 
from the Balliol College Oxford paper, “Thin-walled Tubes with pre-folded 
Origami Patterns as Energy Absorption Devices” to be the object of study, as 
shown in Figure 5.2. 
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Figure 5.2: Various origami pattern tube [30] 

After selected the origami pattern, we should do some structure dimension 
analysis and define the initial dimension. 

5.1.2 Detail dimension of Origami Pattern  

We analysis the Thin-walled tube carefully, and then summarize the 
relationship between all dimensions. As Figure 5.3 (a) (b) showed, the 
detailed geometric dimensions of the origami patterns for the types. The 
height or width of 40 mm is the only constant value to be defined which 
conforms to the structure design and requirements.  

Four geometric parameters, i.e., 2θ, b, c and l are required to define the 
patterns completely. Due to the symmetric nature, only a quarter of the 
expanding shape needs to be analysed. And the equation of the variable 
parameters can be seen as follows. 
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 (a) 

 
(b) 

Figure 5.3: The geometric figure of the origami pattern 
The function expression of the lengths can be defined as: b=40 mm, c=20 mm, 
l=40 mm. h is the height of the origami pattern after folding. 

cos 𝜃 = �√2 − 1� 𝑐
𝑙
  

𝜃 = arccos �√2−1
2
� = 78°  

ℎ = 1
2

sin 𝜃 = 19.566𝑚𝑚  
𝐿 = 2ℎ = 39.133𝑚𝑚  (4) 

By using the dimensions of h and θ  from Equation 1, we use 3D software 
Autodesk Inventor to set up the model, as shown in Figure 5.4.  
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Figure 5.4: Model of the origami pattern 

The dimension of the model is 40 mm×40 mm×39.133 mm (40 mm is the 
length of the side of the square in the top and bottom surface, 39.133 mm is 
the height of the pattern), and the thickness of the thin-walled tube is 1 mm. 
The θ is 78°, the included angle 2θ is 156°, as shown in Figure 5.5. 

 
Figure 5.5: The included angle 2θ 
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 Modeling 5.2

5.2.1 Modeling of the Origami Pattern Tube 

We do the modeling by 3D software Autodesk Inventor Professional 2012. 
Because the origami tube is thin-wall (very thin, but still has thickness), so we 
encounter plenty of difficulty in modeling, like when we used “Extrude” 
function, the thickness of different surface always lead to the gap between 
material, and it cannot be fixed. 

In addition, we have tried a lot of other method，like “Sweep”, “Loft”, but all 
of them was verified is impossible, as shown in Figure 5.6. 

 
Figure 5.6 The unfinished tube with gaps 

At last, we decide to use the most original methods. First, we extrude a big 
square and cut the material gradually, after many times trying, it finally works. 
We successfully model the ideal Inventor 3D modeling, which avoid extrude 
thickness problem, as shown in Figure 5.7. It fixes the gaps between each 
planes, we model a modeling with seamless connection that can ensure the 
validity and accuracy of simulation. 
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Figure 5.7: The origami pattern tube with seamless 

Firstly, we sketch the top square and the meddle octagon of our origami tube 
in two parallel planes and create a new sketch to connect with them. We 
sketch half of our tube at first. Secondly, we sketch a big square, which can 
contain the top square and the octagon, and extrude it. Because we need a big 
foundation material to cut like stone sculpture. 

Next, using “Extrude” function to cut the material along with the connect 
sketch. Due to the Origami Pattern has a symmetric shape, so we just need to 
cut one out of four sides. After that, we use “Loop” function to cut rest of 
material. As we stated, we just need to “loop” it and choose the 360° and 4 
sides. Because the Origami Pattern is symmetric, so we can use the “Mirror” 
function to copy the finished part. Now, the appearance of the Origami 
Pattern is emerged. 

Finally, we just need to use the “shell” function to shell the whole pattern. 
Choose two planes as the shell entrance and let thickness be the 1 mm, it is 
finished. 
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 Simulation 6
We do the simulation by finite element method analysis based on ABAQUS, 
as shown in Figure 6.1. 

 
(a) 

 
(b)                               (c) 

Figure 6.1: Finite element method modeling  



28 
 

 Part Module 6.1

We create a new individual part in 3D Modeling Space, the type is 
Deformable, the base feature is Planar Shell and the approximate grid size is 
200 (the size used to calculate the size of the sketcher sheet and the grid 
spacing and match the largest dimension of the part), as shown in Figure 6.2. 

 
Figure 6.2. The part module 

 Property Module 6.2

We specify a material definition Steel by including a set of material behaviors 
and supply the property data with each material behavior. We define a linearly 
elastic material behavior and an elastic-ideal plastic material behavior, as 
shown in Table 6.1. 

Table 6.1: Parameters of the property module 

Linearly Elastic 

Behavior 

Density 7830 kg/m3 

Young’s Modulus E=2.07×105 MPa 

Poisson’s Ratio υ=0.3 
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Elastic-ideal 
Plastic Behavior 

Yield Stress 𝜎y=200 MPa 

Plastic Strain 𝜀=0 

We specify the properties of the part by creating a section and then give it a 
category type of Solid-Homogeneous. Then we assign this material to this 
section.  

 Assembly Module 6.3

We use the Assembly module to create instances of the part and to position 
the instances relative to each other in a global coordinate system, thus creating 
the assembly. The model contains only one assembly, which is composed of 
instanced of parts from the model, [31]. 

In this module, we set a reference point at the tip of upper, as shown in Figure 
6.3. Then, we select the Independent part instance to mesh each instance, 
which is effectively a copy of the geometry of the original part. 

 
Figure 6.3: The reference point-RP1 
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 Step Module 6.4

The step sequence provides a convenient way to obtain changes in the loading 
and boundary conditions, changes in the interaction and any other changes 
that may occur in the model during the analysis, [32]. 

A step after the system created Initial Step called Load Step. The procedure 
type is Static, General. For the output, we want stress, strain, displacement 
and force /reaction value. 

 Interaction Module 6.5

We define the contact information in this part. The constraint type is Coupling 
Kinematic, which constraints between the constraint control point and the 
points in the constraint region. The control point is RP1 (reference point) and 
the surface region is the top plane (the pink color), as shown in Figure 6.4. 

 
Figure 6.4: The interaction module 

 Load Module 6.6

We define and place three boundary conditions to this model. 

Figure 6.5 shows the boundary condition in the bottom surface with the type 
of ENCASTRE (Fully built-in) in the step of Initial. 
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Figure 6.5: Boundary condition 1 

Figure 6.6 shows the boundary condition in the reference point with the type 
of Displacement in the step of Step-1: U2≠0. 

 
Figure 6.6: Boundary condition 2 
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Figure 6.7 shows the boundary condition in the reference point with the type 
of Displacement in the step of Step-1: U2=-1mm (the same direction with 
frontal collision). 

 
Figure 6.7: Boundary condition 3 

 Mesh Module 6.7

The Mesh module contains tools that allow us to generate mesh parts and 
assemblies. Various levels of automation and control are available so that we 
can create a mesh that meets the needs of our analysis. In common with 
creating parts and assemblies, the process of assigning mesh attributes to the 
model-such as seeds, mesh techniques, and element types-is feature based, 
[33]. 

We define the mesh controls firstly. In this case, the element shape is Tet 
(C3D4: A 4-node linear tetrahedron) and the technique is Free. Secondly, we 
choose element type. Under Family list, the 3D stress is highlighted. Then we 
define the Standard element library and Linear geometric order. Thirdly, we 
define the seed instance with the approximate global size is 2 and the mesh 
instance with the whole part, as shown in Figure 6.8. 
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Figure 6.8: The mesh module 

 Visualization Module 6.8

The Visualization module provides graphical display of finite element models 
and results. It obtains model information from the current model database or 
model and result information from an output database. 

For an output database, a contour plot displays the values of an analysis 
variable such as stress or strain at a specified step and frame of your analysis. 
An X-Y plot is a two-dimensional graph of one variable versus another, [34]. 

6.8.1 Linearly Elastic Behavior 

Figure 6.9 shows the static simulation results of the Von Mises stress 
distribution. 
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Figure 6.9: The Von Mises stress distribution 

Figure 5.10 shows an ideal elastic material. In this case, it also obeys Hooke’s 
law, and is called a linearly elastic behavior. 

 
Figure 6.10: The linear graph of the force-displacement 
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Table 6.2 shows the results that the maximum stress and the maximum force 
of the pattern. 

Table 6.2: The maximum stress and force of the static simulation results 

Maximum Stress (GPa) 3.663 

Maximum Force (N) 252207 

6.8.2 Elastic-Ideal Plastic Behavior 

Figure 6.11 shows the whole deformation process with the origami pattern 
tube from the dynamic simulation results. The red color is under the yield: (a) 
is part of the yield, (b) is nearly half of the yield, (c) is half of the yield and (d) 
is whole of the yield. 

 
(a)                                                         (b) 
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(c)                                                           (d) 

Figure 6.11: The Von Mises stress distribution in the whole deformation 
process 

Figure 6.12 shows the curve graph of the force-displacement. 

 
Figure 6.12: The curve graph of the force-displacement 

In the elastic behaviour, it is a straight line, and the slope is equal to the 
Young’s Modulus (E) of the material. 
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Beyond the elastic limit, permanent deformation will occur. The elastic limit 
is much larger than the proportionality limit. 

After the elastic limit, the stress-strain curve levels off and plastic 
deformation begins to occur. 

 Stress Components 6.9

From description of the stress components at integration points in ABAQUS 
simulation results, as shown in Figure 6.13, Figure 6.14 and Figure 6.15 
respectively. 

Table 6.4: The value of stress components from ABAQUS results 

Stress Components (MPa) 

S11 3,935 × 102 S12 1,061 × 102 S13 9,533 × 10 

S21 1,061 × 102 S22 3,433 × 102 S23 1,056 × 102 

S31 9,533 × 10 S32 1,056 × 102 S33 4,204 × 102 

 
Figure 6.13: The Stress of S11 and S22 

app:ds:respectively
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Figure 6.14: The Stress of S33 and S12 

 

Figure 6.15: The Stress of S13 and S23 
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 Manufacturing Techniques 7
 Stamping 7.1

Stamping (also known as pressing) includes a variety of sheet-metal forming 
manufacturing processes, such as punching using a machine press or stamping 
press, blanking, embossing, bending, flanging, and coining, [35]. The origami 
tube has a developed surface, for little in-plane stretching to adopt a flat sheet 
makes it. 

Manufactories use stamping process to make metal sheet. For stamping 
process, mould is an indispensable part. As shown in Figure 7.1, that is a pair 
of male and female moulds. In dimension control from forming process, 
mould dimensions are inside the male mould part, and mould dimensions are 
outside the female part, both of them can be precisely controlled. Use the 
surface of the moulds to define the geometry of the pattern. As seen in Figure 
7.2, the fold could be well formed by stamping. Folding a single sheet into a 
complete origami tube is difficult. So we make two half-tubes firstly, and then 
combine two origami half-tubes to make one completed origami tube using 
spot welding. But the spot-welding step effects on the precision. 

 

Figure 7.1: Moulds for stamping [36] 

http://en.wikipedia.org/wiki/Punching
http://en.wikipedia.org/wiki/Machine_press
http://en.wikipedia.org/wiki/Stamping_press
http://en.wikipedia.org/wiki/Stamping_press
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Figure 7.2: A stamped steel sheet [37] 

 3D Configuration 7.2

We mentioned a commonly manufacturing approach in Chapter 7.1 of a 
complete origami tube by using spot welding to connect two halves. There is 
difficulty in producing a half-tube by a steel sheet in one punch because of the 
complicated three-dimension configuration. In order to improve accuracy, we 
can use a set of particular moulds as seen in Figure 7.3 (a) to form a half-tube. 
The set consists of six parts named Part A to Part F, the sizes and shapes 
depends on the dimension of the origami half-tube, which is to be formed. 
This is a prototype origami half-tube as seen in Figure 7.3 (b). There are many 
welding spots on the surface of the origami half-tube to connect the edge of 
the flat developable surface. This method is applied to manufacture origami 
tube, and it can also be used to construct other origami developable surface. 
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(a)                                                       (b) 

Figure 7.3: (a) Steel moulds, and (b) Prototype origami pattern [38] 
The processes of making a complete origami tube include spot welding, either 
stamping or using three-dimensional configuration.  

To get a better origami tube, we should avoid spot welding. A seamless tube 
could be a choice to be the stock. So we thought about forming a cylinder 
stock refer the approach of the seamless tube and pipe manufacturing process. 
As shown in Figure 7.4, it is a typical case of the cross roll piercing process 
sequence. The round stock plugged in the mill, put into cone-shaped inlet 
section of the rolls. The stock is over the piercing mandrel to produce the 
thick-walled hollow shell by a spiral motion. In this process, the stock is 
continual deformed when it passes the rolls and over the mandrel. After that, 
we obtain a perfect stock to make origami tube without spot welding. 
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Figure 7.5: The piercing process as performed on a Mannesmann cross 

roll piercing mill [39] 

 Tube Hydroforming 7.3

Hydroforming is a cost-effective way of shaping ductile metals such as 
aluminum, brass, low alloy steels, stainless steel into lightweight, structurally 
stiff and strong pieces, [40].Virtually all metals capable of cold forming can 
be hydroformed, including aluminum, brass, carbon and stainless steel, copper 
and high strength alloys, [41]. 

This method is widely applied in manufacturing the product with complex 
shapes. Especially in automobile filed, to get stronger, lighter and more rigid 
unibody structures for vehicles.  

Hydrostatic pressure is the pressure coming from the weight of the liquid. The 
value of hydrostatic pressure is the same in all directions at a definite depth. 
The liquid increases a little the pressure of the air column closed in the tube, 
making a dent in the censor membrane. The value of the increased pressure 
can be calculated by the difference of the liquid level observed in the two 
parts of the tube. [42] Metal under hydrostatic pressure of the order of 3.5 
GPa (500,000 psi) becomes extra ductile and can be ultraformed, [43]. 

Figure 7.6 shows a simplified overview of the hydroform process, named a to 
f. a.) Raw tube is loaded into hydroforming dies. b.) Hydroforming press 

http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Aluminum
http://en.wikipedia.org/wiki/Brass
http://en.wikipedia.org/wiki/Steel
http://en.wikipedia.org/wiki/Stainless_steel
http://www.jmpforming.com/hydroforming/index.htm
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closes. c.) The sealing rods engage the part, seal the ends and fill it with water 
pressure inside the part increases. d.) The sealing rods push the tube into the 
die (endfeed) and the internal pressure is ramped to its maximum value. e.) 
The hydroformed part takes on the shape of the die. f.) Final hydroformed part 
is removed. [44] 

 
Figure 7.6: Example of a hydrostatic forming operation [45] 

This approach is economic, so we think about to construct an origami tube by 
this manner. We need design a set of hydroforming dies, the dimensions of 
the dies depend on origami tube.  

 New Idea 7.4

Origami tubes through creases to change the mechanical property of materials, 
origami tubes should satisfy many mechanical requirements. According 
different requirements, manufacture factory use different production mode to 
achieve potential financial payback. 

In our real life, we can see various kinds of beverage bottles, keys for 
keyboards, and plastic hangers. They have complicated shapes. 
Manufacturing operations produce complex shapes product made by casting 
to realize cost saving, such as produce tap and valve. However, it is a rough 
way; we just can own some low accuracy products. When we produce small-
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scale and discrete product of origami tubes, we can adopt a similar way to 
process origami tubes. If we need high-accuracy origami shapes, we can try to 
use blank and slug. For example, to get a completed cylinder tube without 
handmade or spot welding, the blank needs processing by forging, [46]. 
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 Conclusion and Future work 8
This project concerned with the design and analysis of thin-walled folding 
structures with origami patterns on the surface as high-performance energy 
absorption devices. 

For better realize and analyze the origami pattern tube, we browsed plenty of 
theory of mechanisms and mechanics, like Hooke’s Law, Cauchy Stress 
Tensor, Compressive Strength,  Compression Test. It makes us can 
understand and do the project preferably. 

We successfully modeled the ideal Inventor 3-D modeling which avoid 
extrude thickness problem. It fixes the gaps between each plane, model a 
modeling with seamless connection. It ensures the precision and validity of 
the following simulation, and makes the project much more rigorous and 
professional. 

The finite element method analysis is done in ABAQUS. We specify the 
parameters of the material property and then define the type of each module 
and boundary conditions. After obtaining the deformation procedure, the 
static and dynamic simulation results show that the origami patterns can 
perform well in the process of absorbing energy. We obtain numerical 
analysis with the relationship between force and displacement. The plots are 
as a linear graph in the elastic behavior and a curve graph in the elastic-ideal 
plastic behavior. 

In view of existing manufacturing, folding the stamped sheet and using three-
dimensional configuration to create the origami tubes are two common way fo
r manufacturing, but we cannot get a highly accurate dimension of the comple
ted tubes from these two methods. Combination of mechanical equipment and
 hydroforming operation will increase the efficiency and to get better quality p
roduct.  

Our main future work is focus on how to choose, design and analyze the 
optimal connection pieces between the origami pattern tubes and the bumper. 
After modeling the bumper system, we can add the plastic region to do the 
simulation by 3D software. From the numerical results, the relationship 
between stress-strain should be a curve graph. In addition, we could design 
some other different shapes of the tubes. After modeling and analyzing, 
compare the peak force and choose the one that can absorb more energy. 
Moreover, manufactories will create new ideas about manufacturing 
technique and improve them in the future. 
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Appendix 1: 
The detail process of modelling  

A.1 The sketch of square an octagon 

 

A.2 The sketch of the big square 
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A.3 Extrude the material 

 

A.4 Cut the rest of material 

 



53 
 

 

A.5 Mirror the finished part 

 

A.6 Shell the whole tube 
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Appendix 2: 
The drawing of origami pattern tube  

A.7 The assembly drawing of origami pattern tube 
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A.8 The simulated drawing of origami pattern tube 
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