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ABSTRACT: Nowadays, the use of additive manufacturing provides a unique opportunity to create
complex structures. One such structure that is currently garnering attention in various fields, such
as energy absorption, is origami struefures. In this paper, novel multi-cellular origami structures are
introduced to improve energy absorption performance under quasi-static compression loading. The
control of these structures is determined by two key parameters: the number of layers and the ratio
between the length of the top side and/the bottom side. The effects of these structures on crashworthiness
were simulated using Abaqus software and validated through experimental tests with models built
using additive manufacturing. Additionally, a simple structure was designed and tested to facilitate a
comparison between origami and non-origamistructuressThe tesults of this study showed that geometric
parameters play an important role in increasing energy. absorption behaviour, with origami structures
exhibiting a 97 percent increase in specific energy absorption (SEA) compared to non-origami structures.
Finally, based on the complex proportional assessment method; the beststructure was determined among
those designed according to energy absorption criteria.
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1- Introduction

Nowadays, a novel Japanese art form called origami has
been developed for various applications in different fields
[1, 2]. One of the most interesting applications is the use of
origami structures as crash boxes to absorb energy during
accidents [3].

Since there are few studies combining multi-cellular
and origami-based structures, this paper introduces a novel
multi-cellular origami metastructure. Based on the geometric
parameters of this structure, five different samples were
designed. These samples were manufactured using the
FDM method with ABS filament. Experimental tests were
conducted, and the structures were also simulated using
Abaqus software under quasi-static compression tests.
Finally, the COPRAS method was employed to determine the
best structure among those studied in this paper. Beside it, a
simple tube is built for comparison between origami and non-
origami structures.

2- Materials and Models

Structures introduced in this paper are controlled using two
parameters (e) and (n). (e) represents the ratio of the size of
the top side to the bottom side, and (n) represents the number
of layers. To investigate the effect of these parameters on
crashworthiness, Table 1 summarizes the structures formed
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by these geometric features. As shown in Table 1, e was set to
three levels and n to two levels.

Figure 1 shows the structures manufactured using the
FDM technique, and table 2 presents information about these
structures.

3- Results and discussion

The ‘validaton was done using data obtained from tests
and FE resultss#The Force-Displacement diagram of el
shown in figure 2 and figure 3/presents all the crashwortiness
parameters extracted using the E-D diagram, such as EA,
SEA, IPF and CFE [4]¢

Table 1. Geometric parameter values for origami tabu-
lar structures

Parameter Levels Values
e 3 0.650.8, 1
n 2 5, 10
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Fig. 1. The Force-Dispalcement diagram of sample el

Table 2. Mass of the origami models

Structure

el e0.6n5 e0.6n10 e0.8n5 €0.8n10
name
Mass
(Measured) 24.36 18.63 19.39 21.05 20.88
®
Mass
(Software)  26.78 20.71 21.79 23.66 24.01
®
Error (%) 9.03 10.04 11.01 11.03 13.03

To compare the non-origami and origami structures, a
non-origami structure was also manufactured. This structure
was tested using the same method. The results showed that
after 7mm of displacement, the non-origami structure showed
damage, while origami structures withstood up to 30mm
displacement. From the perspective of energy absorption
characteristics, the origami structures have a 97% higher SEA
than the non-origami structures.

To find the best origami structure among all those studied,
we used Minitab and the design of experiments (DOE) to
determine which parameter had the most significant effect
on crashworthiness. The impact of geometric parameters is
shown in Figure 4. As shown, the impact of parameter ‘e’
on energy absorption is much greater than that of parameter
‘n’. However, to find the best structure, we implemented the
COPRAS method.

Based on the result of COPRAS method, the best structures
are el, ¢0.8n5, ¢0.8n10, ¢0.6n10, and €0.6n5, respectively.
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Fig. 2. Samples made by 3D printing method: a) Sam-
ple el, b) Sample e0.6n5, ¢) Sample €0.6n10, d) Sample
¢0.8n5,€) Sample €0.8n10, f) Non-origami Sample

4- Conclusions

In this study, an_attempt was made to present a new
origami model based on ancient art and use it in one of the
most important components for protecting vehicle passengers
during collisions. For this pufpose, 6 samples, including 5
origami models and onemon-origami model, were utilized
and tested in both experimental and numerical simulations.

The results of this study show that'origamistructures have
approximatelya97%increaseinengrgy absorption comparedto
asimpletube,whichisahighlycritical factorinenergyabsorption.
None of the origami structures experienced buckling during
the tests and were compressed up to"80% without failure,
which is a significant improvement compared to the simple
tube that failed after less than 7 mm of displacement.

The results indicate that geometric parameters play an
effective role in energy absorption, and by changing these
parameters, significant variations in energy absorption
can be observed The parametric study results showed that
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Fig. 4. The result of parametric study

“ 2

increasing can lead to higher energy absorption while
increasing the value of “n” can reduce energy absorption.
Since finding the optimal structure for energy absorption
solely based on the results of the design experiments and
individual comparison of each energy absorption criterion,
such as specific energy absorption (SEA), was impossible, the
COPRAS method successfully identified the best structure
for energy absorption.
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Table 9. Numerical and experimentalresults of non-origami sample
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Table 10. Complex proportional assessment (COPRAS) for the origami samples
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