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ABSTRACT

As a geometric design method for creating arbitrary three-dimensional structures on two-
dimensional flat materials based on specific crease patterns, origami's deployability and
reconfigurable performance provide broad design and development space for mechanical
metamaterials. This paper focuses on discovering the potential application value of origami
structures in multistability and energy absorption from a theoretical perspective. Origami
structures based on the triangulated cylinder patterns are considered to have both rigid folding
and energy absorption capacity, but possibly affected by geometric features. To obtain the
optimal geometric parameters contributed to the best energy absorption capacity, conventional
finite element model is time-assuming, especially for structural optimization, while artificial
intelligence proxy models are alternative choices. In this paper, one physics-informed neural
network (PINN) based on the principle of virtual work is proposed to search for the optimal
geometric parameters corresponding to the highest energy absorption capacity. Firstly, the key
geometric characteristics of the triangulated origami corrugated column are found out, and then
the rigid foldable kinematic properties of this kind of origami structure are obtained by
analyzing the triangulated origami unit component. Based on the principle of minimum
potential energy, the energy that can be absorbed in the process of deformation under this
loading are obtained. Furthermore, with the key geometric parameters of this structure as the
input layer and the maximum energy landscape as the optimization objective, a physically
informed neural network is constructed. The results indicate that the network efficiently
completes geometric parameter optimization for maximizing structural energy absorption,
providing a structural design method for energy absorption optimization to create programmable
and controllable smart structures further.

KEYWORDS: origami structures; energy absorption capacity; physics-informed neural
networks; structural optimization

1. INTRODUCTION

Mechanical metamaterials are a kind of structural materials designed manually, which have
excellent mechanical properties and unconventional physical properties, and have considerable
application prospects in smart materials and structures. Among them, origami metamaterials
originated from the mathematical exploration of origami art by scholars in the last century
(Koryo 1985). Now, more and more scholars are focusing on the design of folding two-
dimensional sheets (Klett et al. 2011) into three-dimensional origami structure to achieve
specific mechanical properties in aerospace, machinery, architecture, medical health and other
fields, such as tunable stiffness (Zhai et al. 2018; Tao et al. 2020), multistability (Silverberg et al.
2015; Bai et al. 2023) even programmable (Dudte et al. 2016; Zhang et al. 2022), negative
Poisson ratio (Schenk et al. 2013), deformability (Miyazawa et al. 2022; Lee et al. 2017) and



modularization (Neville et al. 2017; Janbaz et al. 2017). In essence, the shape-change of origami
produces the above performance, so effective actuation is critical to required functionality. One
way is to find the answers from nature, including fluid drive (Li et al. 2017) and bioinspired
spring (Faber et al. 2018), inspired by hornbeam leaves (Mahadevan et al. 2005) and earwig
wing. Other ways considering physics behavior includes magnetic control (Novelino et al. 2020),
laser pressure method and thermal method at atomic-scale (Blees et al. 2015) and inflatable
method at metre-scale (Melancon et al. 2021) to form the configurations of origami structures
and the rotation of its hinges. Also, the findings of the linkage model for the origami of thick
panels advance the application of origami structures in the real engineering (Chen et al. 2015).

Through the research on origami, how can we propose the advanced smart structure that
could regulate its configuration as the external effects change? Firstly, field experiment needs to
be done to reveal the real structure responses when external changes come (Kim et al. 2016).
Then, the unit components of origami structures need to be determined, and the equivalent
theoretical can be proposed and used to conduct the analysis on the foldability further (Frenzel
et al. 2017). Finally, the energy landscape during the shape-change process of origami structures
can be obtained, and the mechanical properties can be revealed subsequently.

Overvelde et al. (2017) presented the design strategy of complex origami structures. But now,
artificial intelligence is considered to be able to accelerate the form optimization. In this paper,
the triangulated origami column proved to have great energy absorption potential (Zhai et al.
2018) will be analyzed. Based on the principle of minimum potential energy (minPE), the
energy landscapes of different origami columns with the geometry parameters change can be
obtained, and through physics-informed neural network (PINN) model, efficient optimization
method for energy absorption capacity of origami structures is proposed to realize the smart
design.

2. ENERGY ANALYSIS ON ORIGAMI STRUCTURES

2.1. Corrugated plate in civil engineering

In the field of civil engineering, a kind of structure that can bear the loading during the normal
service stage and the large deformation also under the impact or earthquake, is always expected.
The corrugated plate, an original form of origami structures, has been used as the critical
structural components to resist the large loading and large earthquake.

The application types of corrugated plate include corrugated plate steel column (CP-SC),
corrugated plate shear wall (CP-SW) and flat-corrugated shear wall (FC-SW) etc. in civil
engineering, such as culvert construction consisting of CP-SCs and seismic steel construction
based on CP-SW or FC-SW. Above mentioned structures show both great load capacity and
energy absorption capacity, due to high out-of-plane stiffness and deformability of corrugated
plate.

Above applications of corrugated plates facilitate the subsequent research, that is the
development of the more complex origami component, to realize the unity of load-bearing and
energy-absorbing functions via tunable stiffness, which is considered as the smart structure.
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Figure 1 Corrugated plate in civil engineering

2.2. Geometry of new corrugated plate for origami column

To obtain advanced smart structures switching between high load-bearing state and high energy
absorption state, one kind of crease patterns varying with the geometry parameters change
inspired by the triangulated cylinder (Guest et al. 1994) is studied. The geometry parameters of
this crease pattern shown in Figure 2 consist of £ CAB=a, £ ACB=p and /ag=a of the
triangular sheet AABC and the repeated number n of AABC in the direction of rolling sheets
into a column shape regarded as the unit component in Figure 3.
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Figure 2 Crease pattern of an origami column

As shown in Figure 3, this origami column unit (side length of polygon /sg=a=1) can be
deployed and folded when the height /4 increases and decreases (4=0, folded completely), during
which the top polygon rotates ¢ degrees around the center of its circumscribed circle while the
bottom one is fixed. Noted that 7 is the radius of the circumscribed circle, and the truss made by
the fold lines of origami structures can substitute for rigid sheets in analysis (Yasuda et al. 2017).
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Figure 3 A three-dimensional origami column unit and folding process

h
y

L.



2.3. Theoretical model of energy analysis

During the deployment of the origami column unit, that is # from 0 to the maximum value, the
truss unit AABC shows the shape change, and the strains of the members AB, BC, AC occur
naturally. Through the geometrical analysis on the shape-change of AABC, the strains of three
members are obtained as yipson AB, yipson BC and yipson AC in Eq. (1), (2), (3), respectively.
Furthermore, from the energy view, almost all the energy generated by external action causing
the collapse or deployment will be absorbed into the strain energy stored in the three members.
The energy absorption U of unit-length and unit-rigidity member can be calculated by Eq. (4).
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Where, /as=a=1, according to the law of sines, [zc=a- sina. / sinf}, Iac=a- sin(o+p) / sinf3.

Given the two angles, o and P, and the repeated number n, the energy landscape of this
origami column unit is determined. This means the energy absorption U can be always known at
each structural height 4. But it hard to be calculated directly, due to the unknown top polygon
rotation ¢ and radius ». Nevertheless, according to the principle of minimum potential energy, at
any state of shape-change, the partial derivative of U to ¢ and U to », namely, dUdfi and dUdr,
are both equal to zero, as is calculated by Eq. (5) and (6), respectively. Also, the second partial
derivative of U to ¢ and U to » should be greater than zero. Besides, the partial derivative of U
to 4 is calculated by Eq. (7), so that the maximum energy absorption during the shape-change
process can be obtained. Therefore, theoretical model of energy analysis is built by Eq. (1)-(7).
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2.4. Results and discussions

Using the theoretical model of energy analysis, energy landscapes of origami columns with
different a, B, and n are obtained. Considering the shape of column cross-section, n=4, 6 and 8
are used to form the quadrilateral, hexagon and octagon. The range of the angle o, B results



from the limitation to make the £ ABC be larger than 60 degree and the biggest angle of AABC.
The landscapes of above cases groups are shown in Figure 4, where the maximum energy
during the height % in the range of (0, 1) is marked by red solid point and recorded in Table 1,
while the minimum green hollow point. For each group, as a+3>90 degree the landscapes are
similar. When n=4, the maximum energy occurs at small angles with low height, while n=6 and
n=8 at large angles with almost low height. Surprisingly, bistable states exist at special angles.
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Figure 4 Energy landscapes of origami columns with different o, 8, and n
Table 1 Cases of the maximum energy absorption and the corresponding shape

o B n h ¢ r Untax
38 30 6 0.7 1.0631 0.9937 1.49E-05
25 20 6 1 0.8047 1.0509 0.001346
45 40 6 0.5 1.0530 0.9166 0.002503
40 45 6 0.05 0.9972 0.8986 0.003618
55 45 6 0.6 1.0726 0.8455 0.008772
60 50 6 0.6 1.0179 0.7862 0.017702
60 50 4 0.85 1.1545 0.5913 0.009828
55 45 4 0.95 0.8266 0.6460 0.003752
40 45 4 0.7 0.8317 0.6845 0.000439
45 40 4 0.05 1.6508 0.7461 0.000714
25 20 4 0.05 1.5804 0.8679 0.012164
25 20 8 1 0.6059 1.3476 0.000615
45 40 8 0.05 0.9120 1.1461 0.005648
40 45 8 0.05 0.7390 1.1405 0.006581
55 45 8 0.05 1.0114 1.0454 0.014165
60 50 8 0.05 1.0290 0.9586 0.024934
50 50 6 0.35 1.0607 0.8281 0.010344
50 50 4 0.8 0.7423 0.6412 0.004328
38 30 4 0.05 1.6669 0.8244 0.006197
38 30 8 0.05 1.0013 1.2415 0.000883




3. PINN-BASED LEARNING METHOD

To obtain the maximum energy Umax of the origami columns and the corresponding cross-
section radius r, physics-informed neural network with particle swarm optimization (PSO-PINN)
is built based on the accuracy of PSO in unimodal problems (Bai et al. 2024) and data-physical
dual drive of PINN, as shown in Figure 5. The input layer includes five neurons, i.e., the angle
o, B of the triangular cell, the repeated number 7 in the rolling direction, the height 4 from
complete collapse to deployment, and the twist angle of the top polygon. The two neurons of the
output layer are the maximum energy Uwmax and the raidus r in the deployment process. PSO
algorithm is applied to obtain the optimal initial values of weight and bias, i.e., {wl}{bl}
between input layer and hidden layer, {w2}{b2} between hidden layer and output layer in
Figure 5 through the smooth and continuous flight of particles in space. The basic
hyperparameter setup of PSO algorithm is the same as that of the paper (Bai et al. 2024),
including the data ratio 3:1 between the training sets and testing sets, except the seven neurons
in the hidden layer. More importantly, aimed to improve the generalization capability only by
the dataset from Table 1, performance function is the combination of the root mean squared
error and the principle of minimum potential energy (minPE), represented as the expression of
Loss value in Eq. (8).
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Figure 5 Diagram of PSO-PINN model

The training results of the maximum energy Uwmax and the corresponding cross-section radius
r by PSO-PINN model are shown in Figure 6. It can be seen that the model and theoretical
values of data points are close to the fitting curve Y=X. Also, the coefficients of determination
R2 between them exceed 0.99, indicating that the model performance is very good. So, this

trained PSO-PINN model can be used to predict the maximum energy Uwmax well.
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Figure 6 The training results by PSO-PINN model

4. CONCLUSIONS

In this paper, the demand for next generation structural components is clarified firstly, to
introduce the origami structures and its preliminary application at now. It was shown that after
the success of the corrugated-plate component, the more complex origami components,
considered to be used to form the smart structures i.e., the unity of load-bearing and energy-
absorbing functions via tunable stiffness need to be studied further.

In this paper, based on the crease pattern via the repeated triangular cells, the wide range of
the origami columns were analyzed from the energy view. First, the theoretical model of energy
analysis is built by use of Eq. (1)-(7), according to the principle of minimum potential energy
(minPE). Then, the groups of the energy landscapes were obtained, showing that bistable states
exist at special angles and the locations of the maximum energy vary with the angle o, 8 of the
triangular cell, and the repeated number n in the rolling direction. The largest normalized energy
of above cases was 0.0249 from the origami column with a=60 degree, =50 degree and n=8 at
height #=0.05a. Finally, the PSO-PINN model was proposed to predict the maximum energy
Umax efficiently based on the presentation of new equation of loss value, and would be used for
the Al-based design of the smart structures in the future.
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