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A B S T R A C T   

Origami cores are increasingly recognized as effective structures for energy absorption in sandwich plates. 
However, as most origami sandwich cores are made of tessellations of orthotropic unit cells, their free edges may 
hinder the formation of plastic hinges and reduce energy absorption capacity. To eliminate such free edges, in 
this work, by trimming the popular Miura-ori unit cells to form ring-shaped loops, we create a new origami 
sandwich plate with improved energy absorption efficiency. We study the energy absorption characteristics of 
these origami ring cores through a combination of theory, numerical simulations, and experiments. Both sim-
ulations and experiments verify that the origami ring cores possess quantized energy absorption capacity, related 
to the number of additional plastic hinges derived from strong local buckling of origami creases. We develop a 
theoretical model that effectively captures the formation of plastic hinges and predicts their absorbed energy. In 
summary, the origami ring cores present a novel and promising sandwich plate design approach, characterized 
by quantized energy absorption performance. This innovation holds significant potential for diverse engineering 
applications across sectors such as the aeronautic and marine industries and infrastructure development.   

1. Introduction 

Sandwich plates are lightweight structures with an extraordinary 
stiffness-to-weight ratio. Owing to their excellent properties [1–6], they 
have found extensive and diverse applications in aerospace engineering, 
automotive, and marine industries[7–9]. The sandwich core determines 
the sandwich plates’ mechanical properties, thus affecting its applica-
tion performance [10]. Therefore, core structures are continuously 
being developed by researchers and engineers, such as composite foam 
[11], metallic foam [12], honeycomb [13], corrugated panel [14], lat-
tice [15], and metamaterials [16]. Composite cores are usually made of 
PVC or PMI foams [17–19] that have advantages in low density [20], 
isotropy [21], and an ideal yield plateau [22]. Metallic foam cores, e.g., 
aluminum foam, have the property of isotropy [23], high strength [24], 
and great resistance to penetration [25]. Honeycomb cores are superior 
in the out-of-plane strength [26,27]. Corrugated cores possess a strong 
in-plane strength [28,29]. Lattice cores have advanced thermal insu-
lation and vibration isolation properties [30–32]. Some metamaterial 
cores have a negative Poisson’s ratio [33–35]. 

In addition to the conventional core structures, foldcores are devel-
oped as a novel alternative with attractive properties [36]. Foldcores are 
made from planar sheets by folding along specific origami patterns [37], 
which makes the fabrication process simple and straightforward [38, 

39]. The folding process is highly related to the flat-foldability and 
rigid-foldability of the origami patterns [40–47]. Proper origami pat-
terns can increase energy absorption and reduce peak force [48]. Ma 
et al. [49,50] proposed a novel origami pattern inducing a complete 
diamond mode with much higher energy absorption efficiency than 
traditional deformation. Then, Wang and Zhou [51] analyzed the effect 
of manufacturing imperfection on the complete diamond mode. Besides, 
Kite-shape [52], trapezoid [53], Yoshimura [54], and Tachi-Miura 
Polyhedron [55] patterns also showed a good improvement in energy 
absorption capacity, and the quasi-static compression is commonly used 
to test the origami structures [56]. 

Among the many foldcores, the most well-known and studied 
origami pattern is the Miura-ori [57–60] and its derivatives [61,62]. 
Zhou et al. [63] presented a parametric study on Miura-based foldcores 
and found improved shear and bending deformation performance. Lv 
et al. [64] analyzed the quasi-static out-of-plane compression behavior 
of the Miura-ori sheet and found that the mean force is almost constant 
with different side lengths and linearly proportional to the square of the 
thickness. Shi et al. [65] proposed a VAM-based equivalent model to 
analyze the Miura-based core’s global and local buckling behavior. 
Gattas et al. [66] demonstrated the Miura-based core’s moving hinge 
line failure mode and realized high, uniform reaction stress. Ma et al. 
[67] designed a graded Miura-based structure, achieving a graded 

* Corresponding author. 
E-mail address: liuke@pku.edu.cn (K. Liu).  

Contents lists available at ScienceDirect 

Extreme Mechanics Letters 

journal homepage: www.elsevier.com/locate/eml 

https://doi.org/10.1016/j.eml.2024.102183 
Received 28 January 2024; Received in revised form 9 June 2024; Accepted 13 June 2024   

mailto:liuke@pku.edu.cn
www.sciencedirect.com/science/journal/23524316
https://www.elsevier.com/locate/eml
https://doi.org/10.1016/j.eml.2024.102183
https://doi.org/10.1016/j.eml.2024.102183
https://doi.org/10.1016/j.eml.2024.102183


Extreme Mechanics Letters 70 (2024) 102183

2

stiffness property and intrinsic self-locking. Li et al. [68] combined the 
stacked Miura-ori and the rhombic honeycomb structure, realizing a 
two-stage programmable compressive strength. However, the current 
Miura-ori patterns have many free edges that contribute little to energy 
absorption. Therefore, if the free edges can be closed, the overall energy 
absorption efficiency of the Miura foldcore sandwich plate may be 
improved. 

This paper studies a Miura-ring core for light weight and improved 
energy absorption efficiency by enclosing the free edges of Miura-ori to 
create ring-like structures. The geometry of the Miura-ring sandwich 
plates is presented in Section 2. An analytical model for the quasi-static 
compression is established in Section 3. Section 4 gives details about the 
quasi-static experiments and finite element simulation setups. The re-
sults and discussions about the energy-absorbing properties and para-
metric studies are demonstrated in Section 5. Finally, a conclusion is 
given in Section 6. 

2. Miura-ring sandwich plates 

An example of a 3×2 standard Miura-ori core with 12 free edges is 
shown in Fig. 1(a). As a sandwich structure, the free edges are uncon-
strained edges of the cores, which means none of those edges is con-
nected to another unit cell or the face sheets. To close the free edges, a 
Miura-ring unit cell is designed by trimming a Miura-ori unit cell along a 
central angle of η, as shown in Fig. 1(b). Then, connecting the Miura-ring 
unit cells in the circumferential direction forms a Miura-ring core, as 
shown in Fig. 1(c). A sandwich plate is formed by bonding the Miura- 
ring core or its tessellation to face sheets, as shown in Fig. 1(d). The 
Miura-ring cores are modularly placed, and do not connect to each other 
in the sandwich plate. 

The basic angular relationship of sector angle α and dihedral angle γ,
θ is the same as the Miura-ori core: 

h = asinαsinθ (1)  

γ = 2arcsin
cosθ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − sin2θsin2α

√ (2) 

The central angle of η is defined by the number of unit cells N in the 
origami ring 

η =
2π
N

(3) 

Meanwhile, trimming the Miura-ori unit cell generates trapezoidal 
facets and four new geometrical parameters, i.e., three side lengths b1, 
b2 and a2 (Fig. 1(b)), and one dihedral angle γ2. Those parameters can be 
calculated from the following equations 

b1 = b −
sin η

2 •
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 − h2

√

sin(η
2 + arccos cosα̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1− sin2θsin2α
√ )

(4)  

b2 = b − 2
sin η

2 •
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 − h2

√

sin(η
2 + arccos cosα̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1− sin2θsin2α
√ )

(5)  

a2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(b − b1)
2
+ a2 − 2a(b − b1)cosα

√

(6)  

γ2 = 2arctan
a2tan

(
η
2 + arctan htanγ

a

)

h
(7) 

For the case of a = b and N = 6, the dimensions of the trapezoidal 
facets compared to the original are plotted in Fig. 2. Here, S is defined by 
the total surface area of a unit cell, and the subscripts R, M indicate the 
Miura-ring and the Miura-ori. It can be seen that the surface ratio SR/SM 

is identical to the side length ratio b1/b, and the dihedral angle γ2 is 
larger than the original, while the others are smaller. Notably, those 
ratios coherently decrease with the increase of the dihedral angle γ and 
increase as the sector α, as shown in Fig. 2(a and b). Meanwhile, the 
opposite tendency of the side length ratios and the dihedral angle ratio is 
observed for the number of unit cells N, as shown in Fig. 2(c). The side 
length ratio a2/a is approximately a constant of nine-tenths at variant γ 
and N, and that of b1/b approximates two-thirds at variant γ. As a result, 
the Miura-ring core saves more than one-third of the materials of a 
Miura-ori core. 

3. Analytical model for energy absorption 

When the Miura-ring core is crushed, the deformation is a progres-
sive process, as shown in Fig. 3(a). The mountain and valley edges 
buckle in two opposite directions, forming four moving hinge lines on 
each edge (red lines). Following the edge buckling, the facets bend and 
generate several stationary plastic creases (black lines). Moreover, more 
surface bending deformation occurs when the deformed edges are in 
contact with the face sheet. 

A basic folding element is extracted from the crushed Miura-ring 
core, as shown in Fig. 3(b). The geometry of the basic folding element 
is composed of two oblique facets of an angle θ and a side length of 2 H. 
The upper and lower ends of the basic folding element are constrained. 
The upper point is set to be able to move along the vertical direction, and 
the lower is considered a fixed point. When the basic folding element is 
compressed vertically by a force (P), its component along the mountain 
fold, P1, is generated. The mountain edge is forced into two moving 
hinge lines and rolling to new positions. At the same time, the facets 
bend into stationary plastic creases. 

Wierzbicki and Abramowicz [69] established a kinematic model to 
analyze such a progressive deformation and proposed the Super Folding 
Element Method for metal tubes. The original Super Folding Element as-
sumes straight cell walls and compression along the vertical direction. 
Hence, the direction of the loads is the same as the direction of the 

Fig. 1. (a) 3×2 Miura-ori core with free edges. (b) A Miura-ring unit cell from trimming the Miura-ori unit cell. (c) Miura-ring core composed of 6-unit cells with 
closed edges. (d) Sandwich plate with a tessellation of the Miura-ring sandwich module. 
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straight cell walls. Similarly, the in-plane component force P1 of the 
Miura-ring cell is in the same direction as the oblique facets and rotating 
as the compression of the basic folding element. Therefore, the defor-
mation of the Miura-ring cell is similar to the straight cell wall, and the 
Super Folding Element Method is applicable as an approximate model for 
the post-buckling behavior of the Miura-ring cells. However, the oblique 
facets lead to an inadequate development of the Super Folding Element. 
For example, the super folding element is only half-folded when the top 
side is compressed to the same level as the bottom side, as shown in 
Fig. 3(b). 

For a Super Folding Element that is full-folded, as shown in Fig. 3(c), 
its deformation energy is calculated as [69] 

2HPm = M0

[

16I1
ρH
t

+ 2πC+4I3
H2

ρ

]

(8)  

where the plastic bending moment M0 = σ0t2/4, and σ0 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σyσu/(1 + ń )

√
. σy, σu represent the yield and ultimate strength, ń  is 

the hardening exponent. C is the length of the stationary hinge line. H is 
the sub-wavelength of the super folding element, ρ is the normal radius 
of curvature of the moving hinge line. I1 and I3 are integration constants 

of folding angles. I1(ψ0) = π
(π− 2ψ0)tgψ0

∫ π/2
0 cosα

{

sinψ0sin
(

π− 2ψ0
π

)

β+cosψ0

[

1 − cos
(

π− 2ψ0
π

)

β
]}

, and I3(ψ0) = 1
tgψ0

∫ π/2
0

cosλ
sinμ. 

The deformation of the Miura-ring core is a collection of the super 
folding elements. During the deformation, the energy dissipation in-

cludes membrane energy and bending energy. The membrane energy E1 
comes from the circumferential extension of the surface on the moving 
hinge line. The bending energy is composed of the folding E2 of the 
stationary plastic creases and the moving hinge lines E3. Moreover, the 
flattening of the existing fold lines E4 (side lengths b, b1, b2, a, a2 (Fig. 1 
(b))) is also considered in our model. Following the Super Folding Element 
Method [69–71], an analytical model can be established as 

Pmhκ = N[mE1 + n̂E2 +mE3] +NE4 (9)  

where Pm is the mean force, h is the height of the Miura-ring core, κ is the 
effective crushing coefficient of 0.75 [72], m and n̂ are the number of 
super folding elements and stationary plastic creases, respectively. The 
symbol N represents the number of the unit cells in a ring. 

The membrane energy E1 is determined by [69] 

E1 =
16M0HρI1

t
(10) 

The stationary hinge line D is perpendicular to the mountain edge. 
The total length of the stationary hinge lines at the same height is a 
constant as C = 4b/sinα, and we call them a global lateral crease. The 
stationary hinge lines tend to fold with an angle of π. Therefore, the 
bending energy of a global lateral crease E2 is given by 

E2 = πM0C (11) 

The bending energy of the moving hinge lines E3 is determined by 
[69] 

Fig. 2. Trimming ratio of the Miura-ring core from the Miura-ori core versus (a) dihedral angle γ, (b) sector α, and (c) number of unit cells N.  

Fig. 3. Folding mechanism of Miura-ring unit cell. (a) Deformation of a Miura-ring unit cell. (b) One of the basic folding elements. (c) Super folding element [69].  
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E3 =
4M0I3H2

ρ (12) 

The flattening energy of the existing folds E4 is given by: 

E4 = 2M0[a(π − γ)+ a2(π − γ2)+ bθ+2b1θ+ b2θ ] (13) 

Usually, the number of super folding elements m is determined by 
the structural height and the sub-wavelength H, i.e., per length of 2 H 
generates a super folding element [69–71]. However, the oblique facets 
hinder the development of the super folding elements that only form two 
on each mountain and valley edge, i.e., eight super folding elements on a 
Miura-ring unit cell (m = 8). The rest of the side lengths induce different 
stationary plastic creases. Thus, the stationary hinge line piles up, but 
the quantity n̂ appears with some uncertainty. 

Because the number of the super folding elements is determined, the 
energy of the super folding elements can be obtained. To simplify cal-
culations, the parameters H, ρ are determined by minimizing the force 
of half-folded super folding elements (Eq. 8) with respect to H and ρ. 
For 2ψ0 = π/2, we get I1 = 0.415, I3 = 0.762, and 

H = 0.989t1/3D2/3, ρ = 0.52t2/3D1/3 (14)  

where D is selected as an equivalent value, D = (b+b1)/2sinα. The 
mean force Pm for the Miura-ring core is 

Pmhκ = NM0

(
53.2Hρ

t
+

24.4H2

ρ + aπ + 2a2(π − γ2) + 8b1θ
)

+ n̂

• NπM0C. (15) 

Here, the only undetermined parameter is the number of global 
lateral creases n̂, which depends on the geometry and leads to a quan-
tized energy absorption. The determination about n̂ is discussed in 
Section 5. 

4. Experiment and simulation 

This section introduces the fabrication procedure of the Miura-ring 
core and the quasi-static experimental setup for the out-of-plane 
compression. The details of the finite element model according to the 
experiment are also explained. 

4.1. Fabrication and experiment 

The Miura-ring sandwich plates have two rigid face sheets and a 
weak Miura-ring core. The dimensions of the Miura-ring cores are 
selected as a = b = 15, 19, 23, 24, 27, 39 mm, γ = 90◦, and α = 60◦. We 
select 1060 aluminum sheets of 1 mm and 0.2 mm thickness to produce 
the face sheets and the Miura-ring core, respectively. Due to the self- 
locking properties, two facets were halved, as shown in Fig. 4(a). 

Then, the crease pattern of the Miura-ring core is cut from an aluminum 
sheet. The sheet is shaped based on the geometrical relationships 
described in Section 2 by setting the folding angle γ to 180◦. 

Next, a Miura-ring core is fabricated by folding the crease pattern. To 
reduce the unexpected deformation, we divided the forming process into 
three steps (γ equals 150◦, 120◦, and 90◦). Molds are designed to help 
form the Miura-ring core geometry, as shown in Fig. 4(a). By adjusting γ 
to 150◦, 120◦, and 90◦, the shape of the molds is obtained. The molds 
were made on a 3D printer using ABS resin. Due to the rotational sym-
metry of the Miura-ring, the molds of γ equaling 150◦ and 120◦ were 
only fabricated one and a half unit cells. The sheet was stamped one by 
one by the male and female molds. Finally, a complete Miura-ring mold 
was used to stamp the aluminum sheet to the designated Miura-ring 
core. Adhesive films (Ergo 5996, Kisling AG) were used to close the 
open loop and bond the face sheets. 

The quasi-static out-of-plane compression test for the sandwich 
plates was conducted using an MTS machine E44.305. The cross-head 
speed was set as 10 mm/min, and the corresponding displacement δ 
and force F were recorded at 0.1 s intervals. To observe the deformation 
and the mean force, two groups of specimens were tested with 
compression distances of 0.3 h and 0.75 h. The mean force is defined as 

Fmean =

∫
F(δ)dδ

δu
, (16)  

where δu is the total compression distance. 
For conducting numerical analysis, a 1060 aluminum sheet tensile 

specimen is tested using the same universal testing machine. The ma-
terial properties were obtained as: density ρ = 2700 kg/m3, Young’s 
modulus E = 69 GPa, Poisson’s ratio υ = 0.3, yield stress σy = 106 MPa, 
and ultimate stress σu = 149.6 MPa. The Voce material model was used 
to fit the true stress-strain relationship as 

σ = A − Be− Cε. (17) 

The coefficients are fitted as: A = 149.6MPa, B = 118.8 MPa, and C =
197.4. 

4.2. Finite element model 

The numerical simulation of the sandwich plates was performed with 
commercial software ANSYS/LS-DYNA. The finite elements were estab-
lished as the test specimens, as shown in Fig. 5. Both the face sheets and the 
core were meshed by a 4-node Belytschko-Tsay shell element with reduced 
integration. The shell elements were divided into five integration points in 
the thickness direction. The mesh size was selected as 1 after the mesh 
convergence study. A piecewise linear plasticity material model was 
adopted for the core of 1060 aluminum, and the table of stress-strain curve 
was obtained by Eq. (17). The strain rate effect was not considered. As the 

Fig. 4. Fabrication and experiment setups of the Miura-ring sandwich plates. (a) ABS resin molds and partially folded samples with the dihedral angle γ equal to 
150◦, 120◦, and 90◦. (b) The quasi-static out-of-plane compression test for the sandwich plates. 
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face sheets are almost non-deforming, they were set as rigid plates. The 
lower face sheet was fixed in all directions. The upper face sheet was fixed 
in five directions except for the vertical direction. A constant compression 
speed of 1 m/s was applied to the upper face sheet [68]. The upper and 
bottom edges of the core were connected to the face sheets by tied contact, 
respectively [38]. A surface-to-surface contact was also defined between 
them with a friction coefficient of 0.25. Furthermore, a self-contact with a 
friction coefficient of 0.25 was defined on the core [61]. During the nu-
merical simulation, the ratio of kinetic to internal energy was limited to be 
lower than 5 % [66]. 

The load-displacement curve of the Miura-ring core by experiment 
and numerical simulation are compared in Fig. 5(b), and the results 
show a good overall agreement, especially in the large deformation 
range. As both physical and numerical models revealed, the crushing 
resistance increases drastically in the elastic stage. The difference in the 
elastic stage between the two models is likely due to the imperfect ge-
ometry and boundary condition. After the elastic stage, the load drops 
slightly during the subsequent plateau stage, and the super folding el-
ements form progressively. Due to the deformed super folding elements 
(non-fully folded) being in contact with the face sheets again, the loads 

rise again, leading to a densification stage. 

5. Results and discussion 

This section compares the analytical model, FE simulation, and ex-
periments. Parametric studies are conducted to explore the effect of 
geometry on the number of lateral creases n̂. Two types of sandwich 
plates with different development methods are investigated. Finally, the 
difference between a Miura-ori core and a Miura-ring core is analyzed. 

5.1. Effect of geometric parameters 

As Lv et al. [57] mentioned, Miura-ori plates have a constant mean 
force with different side lengths, and the Miura-ring core also presents a 
constant mean force from the theoretical analysis, as shown in Fig. 6(a). 
However, the uncertainty of the crease generation number n̂ makes the 
mean forces not monotonic. Notably, the fluctuation amplitude is nearly 
the energy of one global lateral crease, as n̂ being mostly integers. The 
case of n̂ = 0.5 means that one global crease is only half-folded due to 
the compression distance not allowing for fully developed super folding 

Fig. 5. (a) FE model of 6-unit cells Miura-ring sandwich plates. (b) Validation of the numerical simulation by load-displacement curve.  

Fig. 6. The effect of side lengths on Miura-ring sandwich plates. (a) Numerical, theoretical, and experimental results of mean force under a max compression distance 
of 0.75 h; the inset shows the effect of the side length of the mountain edge under a fixed side length b. (b) Numerical and experimental results of deformation at the 
compression distance of 0.3 h. (c) Identification of the number of creases versus side lengths a, b (H is the halfwave length of a super folding element). The silver ones 
are experimental, and the golden ones are numerical. 
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element. Such a situation is because the folding of a layer of super 
folding elements must be completed before the next one starts to fold, so 
the last one may not have enough compression distance. Moreover, as 
shown in the inset of Fig. 6(a), the mean force in the theoretical model 
decreases as the increase of the side length of the mountain edge, but n̂ 
tends to increase to balance out the lost of energy. Therefore, the mean 
force is relatively stable versus side length. 

Combining the deformation results, as shown in Fig. 6(b), we can 
observe that the numerical results are in qualitatively good agreement 
with the experiments. Due to the same boundary conditions, the 
deformation mode of each unit cell is similar in the numerical simula-
tions. Although the fabrication errors make some differences in the ex-
periments, the folding states of the Miura-ring core still exhibit an 
axisymmetric trend. The sudden dropping of n̂ is observed both in FE 
analyses and experiments. For b = 23 and 27 mm, the bottom layer is 
only deformed slightly, which decreases the energy and n̂. The size of 
the upper super folding element is generally smaller than the bottom 
super folding element. The experiment result of b = 39 mm also shows 
the same situation, so that n̂ decreases by one. For b = 23 and 24 mm, 
their dimension is nearly the same, but n̂ deviates nearly by 2. The 
slightly increased width leaves just enough room to accommodate 
additional full development of super folding elements. 

The number of creases n̂ is related to the side lengths a, b and the 
dimension of super folding elements (halfwave length H), which is 
summarized in Eq. 6(c) and Eq. 18. When a < 4H, the side length is not 
enough to form two super folding elements so that only one element is 
formed. The plastic creases are generated in the middle of the facets with 
n̂ = θ/π

2. When 4H < a < 5H, the side length is just enough to form two 
super folding elements, so two plastic creases are generated with n̂ =
2θ/π

2. The case of b = 23 mm is near this region, whereas the case of b =
24 mm is in the next region. When a ≥ 5H, it still forms two super 
folding elements, but the rest of the side length and facets are trans-
formed into n̂, and n̂ increases by one per additional H. 

n̂ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

θ
/π

2
, a < 4H

2θ
/π

2
, 4H < a < 5H

[
a − 2H

H

]

, a ≥ 5H

(18) 

The effect of dihedral angle γ, sector α, and number of unit cells N on 
n̂ is shown in Fig. 7. Here, n̂ is identified by a comparison of theoretical 
values and numerical simulations (see Fig. 6(a)). Apparently, a 
decreasing tendency of n̂ is achieved as the increase of γ, as shown in 
Fig. 7(a). Although n̂ varies with side lengths, they decrease to 0 at the 
same time, i.e., n̂ of a large side length changing faster. For b = 15 and 
19 mm, they have the same n̂, while the others are different and keep a 
stable grade difference. Meanwhile, n̂ increases with sector α, but the 
change of α makes the grade differences unstable, particularly for a large 
side length, as shown in Fig. 7(b). In addition, the number of unit cells N 
also affects n̂, because a large γ2 weakens the super folding element, as 
shown in Fig. 7(c). Then, n̂ becomes stable when N is larger than 6. 

The effect of wall thickness t on n̂ is analyzed by numerical simu-
lations, as shown in Fig. 8. n̂ decreases as the wall thickness increases, 
and the symmetry of deformation is enhanced gradually. When t is less 
than 0.2 mm, two super folding elements form on the mountain edge. 
Then, the wall thickness increases the size of the super folding element. 
The upper super folding element gradually declines and vanishes at t =
0.3 mm. Afterward, due to increased structural strength by wall thick-
ness, the upper part keeps symmetry and extrudes the bottom part to 
form a super folding element. Finally, when t > 0.5 mm, the deforma-
tion of the entire Miura-ring core remains symmetric, and no super 
folding element is formed. 

5.2. Miura-ring sandwich plate by tessellation 

There are two ways to construct a Miura-ring based sandwich plate: 
the extension structure (type I) and the tessellation structure (type II), as 
shown in Fig. 9. The two structures have the same projected area and 
height. We study the mean force of the two types of structures by nu-
merical simulations. We observe that in general, the mean force of the 
extension structure is lower than the tessellation structure. Due to the 
increased side length b of the outer rings of the extension structure, the 
number of the super folding element n̂ decreases rapidly. Owing to the 
diminishing effect of n̂, and the extension structures have very sim-
ilarmean forces. The interaction action between adjacent rings causes 
the differences in the mean forces. In constrast, the Miura-ring cores in 
the tessellation structure are all independent, so they have the same 
deformation and force. Ultimately, the tessellation structure forms more 
super folding elements and plastic creases than the extension structure, 
leading to higher energy absorption. 

5.3. Comparison of Miura-ring and Miura-ori cores 

We performed a comparison through numerical simulations to 

Fig. 7. The effect of (a) dihedral angle γ, (b) sector α, and (c) number of unit 
cells N on n̂ under a max compression distance of 0.75 h. 

Fig. 8. The effect of wall thickness on deformation modes and n̂ of Miura- 
ring cores. 
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investigate the difference between the Miura-ring core and the Miura-ori 
core withequally sized face sheets, as shown in Fig. 10(a). The Miura-ori 
unit cell only forms one super folding element on each side. Meanwhile, 
the Miura-ring unit cell forms two super folding elements on each side 
and more lateral creases on the facets. The increased deformation 
compensates for the energy loss of the reduced facet area due to trim-
ming of the Miura-ring unit cell. So, the average compressive stress of 
the 3×6 Miura-ring core is similar to the 4×4 Miura-ori core, as shown in 
Fig. 10(b). The average compressive stress is calculated by σ̂ = F/Ac, 
where Ac denotes the area of the cores projected onto the face sheets. 
The SEA of each unit cell during compression is shown in Fig. 10(c). Due 
to the boundary effect, the SEA of the Miura-ori cells with constrained 
boundaries is similar to the Miura-ring cells. Meanwhile, the Miura-ori 
unit cells with free edges show decreased energy absorption by nearly 
40 %, compared to fully surrounded Miura-ori unit cells. 

Considering that the mass of a Miura-ring unit cell is only two-thirds 
of the Miura-ori unit cell, the specific energy absorption SEA (SEA =
energy/mass) increases by 30~63 %, as shown in Fig. 10(c). Notably, as 
the wall thickness decreases to 0.1 mm, the unit cell of the Miura-ori 
core also forms two super folding elements on each side. That enables 
the Miura-ori core to have the same mean force as t = 0.2 mm and in-
crease SEA by 100 %, hence the better performance of the Miura-ori 

foldcores when t is less than 0.2 mm. 
We compared the average force of the two from experimental mea-

surements, as shown in Fig. 10(e). The experimental data for Miura-ori 
foldcore is from Cheng and Li [73], on the 4×4 Miura-ori sandwich 
plate, which had the same geometry and material as the numerical 
simulation. The initial peak force of the Miura-ring unit cell is slightly 
lower than the Miura-ori unit cell, while the compression stroke is a little 
higher. The two unit cells have similar energy absorption, but the 
Miura-ring core saves about 30 % of weight. 

Although the Miura-ori is known to be a rigid folding origami, when 
it is used for sandwich core, its deformation mode becomes a panel 
deformation due to the fixed boundary constraints on the top and bot-
tom. Meanwhile, the lateral boundaries of the unit cells also affect the 
deformation. For a 4×4 Miura-ori core, their boundaries are compli-
cated, as some unit cells have left or right free edges, or fully constrained 
edges. Therefore, the Miura-ori unit cells may form one or two super 
folding elements during deformation. The energy absorption of each 
unit cell is compared in Fig. 11. Both the elimination of free boundaries 
and the increase of super folding elements improve the energy absorp-
tion capability of Miura-ori unit cells. The Miura-ring unit cells satisfy 
the two conditions at the same time, so their energy absorption capa-
bility is equal to the highest value of Miura-ori unit cells. 

Fig. 9. Tessellating a sandwich plate by Miura-ring cores and comparison of the mean force of each ring. Each color represents a 6-unit cell Miura ring.  

Fig. 10. Comparison between Miura-ori core and Miura-ring core. (a) Deformation modes of one unit cell from a 4×4 Miura-ori pattern and a 3×6 Miura-ring 
pattern. (b) Average compressive stress on the bottom face sheet. (c) SEA of each unit cell, and shaded envelope delimit maximum and minimum value ranges of 
different Miura-ori unit cells. (d) SEA versus wall thickness. (e) Average force of a unit cell from experimental measurements of 4×4 Miura-ori [73] and 6-Miura-ring. 
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6. Conclusions 

This paper investigates a sandwiched Miura-ring core structure with 
improved energy absorption capability by eliminating free edges. The 
energy-absorbing performances and deformation modes are analyzed 
via theoretical, numerical, and experimental approaches. A theoretical 
model was developed for the quasi-static out-of-plane compression of 
the Miura-ring core. Quasi-static experiments were conducted to vali-
date the theoretical and numerical results. The Miura-ring unit cell trims 
the facets of the standard Miura-ori unit cell, leading to trapezoidal 
facets that accommodate more super folding elements and plastic 
creases than the conventional Miura-ori. The number of post-buckling 
lateral creases n̂ is nonmonotonic and sensitive to geometrical di-
mensions. However, n̂ generally increases by the side lengths a, b and 
sector angle α, and decreases by the dihedral angle γ and wall thickness 
t. The increase in plastic deformation and the decrease in mass enhanced 
the SEA by more than 30 % compared to the Miura-ori cores. 

Our discovery shows that origami ring is an efficient approach for 
improving the energy absorption of origami cores. In addition, the 
developed theoretical models and thorough analyses could provide a 
framework for developing other efficient energy-absorbing foldcore 
structures. 
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