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A B S T R A C T   

As a typical energy-absorbing structure, the thin-walled structure dissipates impact energy through the formation 
of plastic hinges and material failure. The geometric configuration of the energy-absorbing structure deeply 
influences its response to impact loads. For a certain load curve required by collision scenarios, this study 
proposes a novel design method for approximating a continuous impact load curve with discretized ones. Based 
on kirigami structures, the conceptual framework integrates multi-module and multi-stage designs to regulate 
segmental stiffness through theoretical analysis, thereby achieving the desired curve approximation. The 
effectiveness of the proposed kirigami-based multi-stage energy absorption structure (KMS) is validated by drop- 
weight impact tests and numerical simulations. Findings demonstrate that the KMS effectively dissipates impact 
energy in a progressive manner, aligning with the desired load curve and inducing stable and orderly structural 
deformation under axial impact. Through appropriate parameter design, the deformation mode and the inducing 
effect of the kirigami structure can be managed, enabling the structure’s adaptability to diverse collision 
scenarios.   

1. Introduction 

Energy-absorbing (EA) structure is widely implemented in aero
space, automobile, rail vehicle and so on [1–3]. Under impact load 
conditions, EA structures can dissipate impact energy through the 
plastic deformation, and provide passive safety protection for the 
vehicle. The thin-walled tubular structure benefits from its lightweight 
and great designability and has been widely studied [4–6]. The initial 
peak force (IPF) and the specific energy absorption (SEA) are the main 
energy absorption characteristics of thin-walled tubular structures, and 
are also crucial indicators for the crashworthiness evaluation. In general, 
as the stiffness of a structure increases (usually accompanied by a larger 
mass), the energy absorption capability also increases, along with an 
increase in the IPF. A large IPF is disadvantageous to the structural 
crashworthiness, and an ideal crashworthiness structure should exhibit a 
low IPF and a large SEA. Therefore, in the design process of EA struc
tures, the IPF and the SEA are a pair of design contradiction, which are 
more prominent for lightweight EA structures. 

In response to the aforementioned design contradiction, researchers 
have conducted extensive studies on EA structures, as illustrated in 

Fig. 1. Early researchers primarily concentrated on the investigation of 
energy absorption characteristics of tubular thin-walled structures, 
emphasizing geometric configurations (configuration methods), 
including circular tubes [20,21], rectangular tubes [22–24], triangular 
tubes [25–27], polygonal tubes [28], and multi-cell tubes [9,29], whose 
sections are uniform or tapered [8,30]. All of the above configurations 
exhibit a high IPF, even though the energy absorption efficiency is sig
nificant. In comparison to single-cell tubes, the design of multi-cell tubes 
has been shown to enhance the energy absorption performance of 
structures [7,27,31]. Bio-inspired design can reduce both the initial peak 
force and load fluctuations [29,32,33]. Additionally, nesting multiple 
thin-walled hollow tubes [10,34] can achieve a multi-step energy ab
sorption response. Hybrid methods stand as one of the essential methods 
to improve the crashworthiness. Lykakos [11] proposed a hybrid ge
ometry, demonstrating superior energy absorption compared to the 
square tube or the circle tube. Foam-filled structures [12,35,36] are also 
commonly employed as a hybrid method to enhance structural energy 
absorption performance. For instance, Xiang [12] found that multi-layer 
gradient foam-filled structures exhibit higher energy absorption effi
ciency compared to uniform foam-filled structures or hollow tubes. In 
addition, wall thickness [37,38] is also an important factor affecting the 
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mechanical properties of energy absorption structures. For example, 
Liang [13] found that the hybrid design strategy of CFRP-Al multi-cell 
tubes with variable thickness can effectively increase the specific energy 
absorption of structures and improve the bending instability. Therefore, 
configuration methods, involving the change of the geometry or 
combining multiple structures, can improve the energy absorption 
characteristics of structures. However, the control over the structural 
crashworthiness remains limited with changes in geometric shapes, and 
the issue of excessive IPF persists. 

Imperfection methods aim to reduce the IPF by introducing the 
localized structure that induces deformation. One form of this method 
involves induced imperfections, such as introducing slits [19,39], holes 
[40,41], grooves [18,42], or windows [17,43] in thin-walled tubes. This 
approach not only lightens the weight of the structure but also effec
tively lowers its initial stiffness, consequently reducing the IPF. Addi
tionally, the inherent imperfections in the structure may lead to 
uncontrollable deformation modes. Another form includes corrugated 
metal tubes [14,44,45] and kirigami structures [15,46–48], which 
exhibit excellent characteristics in terms of smooth loads and reducing 
the IPF. The introduction of folds decreases the initial stiffness while 
preserving the structural integrity, allowing better control over subse
quent deformation modes. 

In summary, traditional thin-walled tubular structures exhibit a 
typical response with a noticeable IPF (illustrated by the red line in 
Fig. 2). EA structures with an ideal distribution of structural stiffness can 
achieve a smooth and gradual rise followed by a stable plateau in the 
force–displacement response (depicted by the blue line in Fig. 2). Taking 
into account various constraints such as design and manufacturing, a 
discrete approach can be used to approximate the continuous target 
curve, essentially designing the structure in the form of a segmented 
variable stiffness to obtain a discrete multi-stage force–displacement 
curve (depicted by the green line in Fig. 2). Additionally, the advances in 
additive manufacturing technology [49] provide feasibility for 
designing structures with complex features, particularly complex sur
faces [50] and non-uniform wall thicknesses [51]. 

This study proposes a design method for approximating a continuous 
impact load curve with discretized ones based on the kirigami structure, 
which can achieve crashworthiness design of energy absorption struc
ture under specific collision scenario. The conceptual framework in
tegrates multi-module and multi-stage designs to regulate segmental 
stiffness, thereby achieving the desired curve approximation. The mean 
crushing force formula of kirigami structures is derived to guide the 
design. In addition, the proposed energy absorption structure based on 
the design method in this work provides a hybrid design strategy for 
kirigami structures and pure circular tubes. By ensuring the integrity of 
the structure, the sequential and stable deformation of the structure can 
be managed, which can effectively reduce the initial peak force and 
improve the energy absorption efficiency. The rest of this study is 

organized as follows: Section 2 describes the design method and pro
vides the theoretical analysis of the mean crushing force of kirigami 
structures; In Section 3, a kirigami-based multi-stage energy absorption 
structure (KMS) is designed based on the design method, and drop- 
weight impact tests and numerical simulations are conducted to inves
tigate the structure; Section 4 discusses the influence of design param
eters on the proposed structure. Section 5 summarizes this study. 

2. Structural design 

For an ideal EA structure, aiming to reduce the IPF, enhance SEA, 
and minimize impact acceleration, it is typically desirable for its force
–displacement response to express as an ideal curve characterized by a 
smooth and gradual rise followed by a stable plateau (illustrated by the 
blue curve in Fig. 2). However, achieving the curve is often challenging. 
To facilitate design and manufacturing, the ideal curve can be approx
imated using a multi-stage force–displacement curve. The multi-stage 
force–displacement response is composed of multiple discrete plateau 
forces. In terms of structural design, it is possible to control the struc
tural stiffness distribution to obtain various plateau force responses. The 
introduction of folds in kirigami structures allows for a smoother plateau 
and excellent peak clipping. The stiffness of kirigami structure can be 
effectively controlled by adjusting geometric parameters of the kirigami 
structure. Essential geometric parameters affecting the stiffness of kir
igami structures include the number of sides nsec of the cross-sectional 
geometric shape, side lengths (a1, a2, a3), angles between inclined 
plates (θ1, θ2), and widths of the inclined plates (l1, l2). 

In terms of the evolution of geometric configurations, kirigami 
structures are obtained by introducing folds into thin-walled structures 
with uniform cross-sections, as depicted in the Fig. 3. As nsec approaches 
infinity, the cross-sectional shape transitions from a polygon to a circle. 
When θ approaches 180◦, the kirigami structure can transform into a 
thin-walled structure with a uniform cross-section. Simultaneously 
occurring in both above cases, the kirigami structure can transition into 
a circular tube. 

Considering the relatively stable load of kirigami structure during 
collapse [15,52], the mean crushing force (MCF) and the effective 
crushing stroke (ECS) are employed to describe its force–displacement 
response. To investigate the effect of geometric parameters on the MCF, 
this study derives a theoretical analytical formula for the MCF. The 
geometric parameters satisfy certain conditions: a2 > a1, a2 > a3, 0 < θ 
< 180◦, d2 > d1, d2 > d3, nsec ≥ 3. For a kirigami structure with a regular 
polygonal cross-section, the geometric parameters satisfy a certain 
condition, as shown in Eqs. (1) and (2): 

θ = θ1 + θ2

= arccos
(

a2 − a1

2l1
tan

(nsec − 2)π
2nsec

)

+ arccos
(

a2 − a3

2l2
tan

(nsec − 2)π
2nsec

)

(1) 

Nomenclature 

nsec the number of sides of the cross-sectional geometric shape 
N the number of modules 
a1, a2, a3 side lengths of cross-section (mm) 
d1, d2, d3 diameters of circular cross-section (mm) 
θ1, θ2 angles between inclined plates (◦) 
l1, l2 widths of the inclined plates (mm) 
D diameter of the circular tube (mm) 
t wall thickness (mm) 
lt length of the transition segment (mm) 
lCT length of the circular tube (mm) 
Ek_polygon, Ek_circle energy dissipation of the kirigami structure (J) 
Et_polygon, Et_circle energy dissipation of the transition segment (J) 

ECT energy dissipation of the circular tube (J) 
dk, dt_polygon, dt_circle, dCT effective crushing stroke of each segment 

(mm) 
MCFk_polygon, MCFk_circle mean crushing force of the kirigami 

structure (kN) 
MCFt_polygon, MCFt_circle mean crushing force of the transition 

segment (kN) 
MCFCT mean crushing force of the circular tube (kN) 
IPF initial peak force (kN) 
SEA specific energy absorption (kJ/kg) 
MCF mean crushing force (kN) 
PCF peak crushing force (kN) 
CFE crushing force efficiency (/) 
ECS effective crushing stroke (mm)  
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a2 =
2l1cosθ1

tan(nsec − 2)π/2nsec
+ a1 =

2l2cosθ2

tan(nsec − 2)π/2nsec
+ a3 (2) 

For a kirigami structure with a circular cross-section, considered as 
an extreme type, the geometric parameters satisfy the condition 

specified in Eqs. (3) and (4): 

θ = θ1 + θ2 = arccos
(

d2 − d1

2l1

)

+ arccos
(

d2 − d3

2l2

)

(3)  

d2 = 2l1cosθ1 + d1 = 2l2cosθ2 + d3 (4) 

Fig. 1. The design of energy absorption structures: Uniform section [7]; Tapered [8]; Bio-inspired [9]; Nested [10]; Geometry [11]; Filling [12]; Variable thickness 
[13]; Corrugation [14]; Kirigami [15]; Diaphragms [16]; Windows [17]; Grooves [18]; Slits [19]. 
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The kirigami structure exhibits an extensional deformation mode 
(EM) [17,53] during collapse, the plastic energy dissipation mainly in
volves the bending of stationary plastic hinges and the shape distortion 
of the panel, as illustrated in Fig. 4. For a kirigami structure with a 
regular polygonal cross-section, the energy dissipation of N basic mod
ules is given by Eq. (5), with the MCF expressed in Eq. (7). Additionally, 
dk represents the ECS. 

dk = (l1sinθ1 + l2sinθ2 − 2t)N (6)  

MCFk polygon = Ek polygon
/

dk (7) 

For a kirigami structure with a circular cross-section, the energy 
dissipation of N basic modules is given by Eq. (8), with the MCF 
expressed in Eq. (9). 

MCFk circle = Ek circle
/

dk (9) 

The derivation process for Eqs. (5) and (8) is provided in Appendix. 
The above-mentioned analytical formulas reveal that, as nsec de

creases, θ increases, l1 and l2 decrease, and a1 and a3 increase, the MCF 
gradually increases. By combining different geometric parameters, 
various kirigami structures with different stiffness can be constructed, 
exhibiting different MCF. In response to design requirements in a certain 
collision scenario, the theoretical analytical formulation is utilized to 
guide the design of the kirigami structure by controlling the geometrical 
parameters according to the previously described laws in order to obtain 
a multi-stage response that approximates the target curve. 

The thin-walled circular tube represents an extreme type of the kir
igami structure, it is widely employed in the design of EA structures due 
to its simple structure, easy manufacturing, and significant EA effi
ciency. Axial symmetric deformation (the accordion mode), non- 

symmetric one (the diamond mode), and hybrid one [54] are the pri
mary deformation modes of the thin-walled circular tube under the 
impact load. Abramowicz and Jones established corresponding theo
retical analytical formulas for the collapse deformation of circular tubes 
[55]. The energy dissipation of the thin-walled circular tube is given by 
Eq. (10), with the MCF expressed in Eq. (12). The ECS is denoted as dCT. 

ECT = 62.88Mp(D/t)0.33lCT (10)  

dCT =
(

0.86 − 0.568(t/D)
0.5
)

lCT (11)  

MCFCT = ECT / dCT (12) 

Additionally, the connection of general kirigami structures to cir
cular tubes requires the hybrid geometry (the transition segment). The 
theoretical analytical formula for the MCF of the transition segment is 
supplemented by simplifying the transition segment to the conical tube, 
and the specific derivation is referred to literatures [8,56]. For the 
transition segment connecting the polygon and the circle, the energy 
dissipation is given by Eq. (13), with the MCF expressed in Eq. (15). 
Where dt_polygon and lt. are the ECS and the length of the transition 
segment. 

Et polygon = 62.88Mp((nseca3/π + D)/2t)0.33lt (13)  

dt polygon =
(

0.86 − 0.568(2t/(nseca3/π + D))
0.5
)

lt (14)  

MCFt polygon = Et polygon
/

dt polygon (15) 

For the transition segment connecting two circles, the energy dissi
pation is given by Eq. (16), with the MCF expressed in Eq. (18). Where 
dt_circle is the ECS, 

Et circle = 62.88Mp((d3 + D)/2t)0.33lt (16)  

dt circle =
(

0.86 − 0.568(2t/(d3 + D))
0.5
)

lt (17)  

MCFt circle = Et circle
/

dt circle (18) 

The design flow chart is illustrated in Fig. 5. The structural design is 
carried out based on given target force–displacement curve in a certain 
scenario. The target curve is discretized into n segments and the number 
of structural segments. Two design cases are considered, including the 
conventional design case and the hybrid design one. For the former case, 
the structure is divided into n segments. The initial geometric parame
ters of each kirigami structure are inputted. The MCF and ECS for each 
segment are calculated by using the derived theoretical analysis for
mula. It is worth noting that the corresponding calculation formula 

Fig. 2. Different force–displacement responses.  

Ek polygon = nsecNMp

(

a1θ1 + a2(θ1 + θ2)+ a3θ2 + c1(π − 2η1)+ c2(π − 2η2)+ 4
c2

1

t
ψ(1 − sinα1)+ 4

c2
2

t
ψ(1 − sinα2)

)

(5)   

Ek circle = nsecNMpπ
(

d1θ1 + d2(θ1 + θ2) + d3θ2 +
4l2

1

t
(1 − sinα1) +

4l3
1

3d1t
(1 + cos2α1) +

4l2
2

t
(1 − sinα2) +

4l3
2

3d2t
(1 + cos2α2)

)

(8)   
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needs to be selected according to the cross-sectional shape of the kir
igami structure. The calculated force–displacement curve is evaluated 
against the discrete multi-stage one. If it does not meet the requirements, 
it is necessary to readjust the geometric parameters. Kirigami structures 
for the design case can be combined in order of magnitude of the MCF, 
see Fig. 4. For the latter case, when constrained by requirements such as 
mass or SEA, an extreme type of the kirigami structure, namely the 
circular tube, is selected to meet the design requirements. Compared to 
general kirigami structures, circular tubes typically exhibit higher MCF 

and SEA. In the hybrid design case, there may be connections between 
different cross-sectional shapes, necessitating the introduction of hybrid 
geometry (Transition segment II). The transition segment connects the 
kirigami structure I and the circular tube III by transitioning between 
two geometric cross-sectional shapes. The transition segment achieves 
the connection between two geometric cross-section through lofting 
[57], and the two geometric cross-sectional shapes can be either iden
tical or different. Furthermore, the hybrid design case can be divided 
into two types. In the first one, the structure is divided into n segments, 

Fig. 4. General design and hybrid design.  

Fig. 3. Variation of geometric parameters of krigami structure.  
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with n-2 segments for I, 1 segment for II, and 1 segment for III. In the 
second one, the structure is divided into n + 1 segments, with n-1 seg
ments for I, 1 segment for II, and 1 segment for III. In this case, II and III 
are combined into one segment, taking into account the fact that there is 
no significant difference in the MCF between II and III for the same wall 
thickness. 

3. Test and finite element modeling 

3.1. Description of a two-stage KMS 

In this study, the above design method is used to design the structure 

in response to the given collision scenario. Different collision scenarios 
correspond to different target energy absorption curves, and the plateau 
force Fplateau, the effective crushing stroke (ECS), and the absorbed en
ergy E are the key information of the target curve. Assuming that there 
exists a target curve (the red line in Fig. 6), the crushing force increases 
from 0 to 18 kN in the range of ECS from 0 to 45 mm, and the plateau 
force is 18 kN in the crush stroke from 45 to 135 mm, while the absorbed 
energy E is not less than 2200 J. The specific design requirement is 
illustrated in Eq. (19). The target curve exhibits a slow growth of the 
crush force from 0 to the plateau force for the initial 1/3 of the ECS, 
which reduces the impact acceleration and the initial peak force, while 
maintains a stable plateau force in the remaining ECS. 

Fig. 6. The target curve and two-stage curve.  

Fig. 5. Design flow chart.  
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Designrequirementsto

⎧
⎨

⎩

Fplateau = 18kN
ECS = 135mm
E ≥ 2200J

(19) 

According to the design method of Section 2, the study takes the two- 
stage energy absorption as an example, and the continuous curve is 
discretized into a two-stage curve, with the first stage exhibiting the 
mean crushing force MCF1 of 12 kN and the effective crushing stroke 
ECS1 of 22 mm, while the other stage exhibits the mean crushing force 
MCF2 of 18 kN and the effective crushing stroke ECS2 of 123 mm. 
Additionally, the expected absorbed energy E is 2478 J (the shaded area 
in Fig. 6). The energy-absorbing structure is divided into three segments 
by the hybrid design, including a kirigami structure I, a transition 
segment II and a circular tube III, in which I dominates the energy ab
sorption of stage1, II and III dominate the energy absorption of stage2. 
Different kirigami structures with various cross-section are connected 
with circular tubes to design the kirigami-based multi-stage energy ab
sorption structure (KMS). Considering the complexity of geometric pa
rameters for kirigami structures, we set l = l1=l2, a1 = a3, θ1 = θ2 = 1/2θ 
to simplify the issue. The parameters are shown in Table 1. Subse
quently, drop-weight impact tests and numerical simulations will be 

conducted to analyze the KMS. 

3.2. Material and specimens 

The specimens were manufactured by SLM machine, and the 
manufacturing process parameters were set according to supplier’s 
suggestions. The laser power is 215 W, the scanning speed is 900 mm/s, 
the hatch spacing is 150 μm, and the layer thickness is 30 μm. In addi
tion, incomplete melting may be formed during the manufacturing 
process, resulting in the formation of irregular, large-size voids between 
the layers of the material [58], which will affect the mechanical prop
erties of 316L stainless steel. Therefore, specimens are subjected to 
vacuum heat treatment to enhance the fracture elongation. Four struc
tures with different cross-section are fabricated, as illustrated in Fig. 7a. 
Subsequently, standard tensile tests are conducted on specimens ac
cording to GB/T228.1-2010 to obtain material properties. The specific 
parameters of the material are detailed in the Table 2, and the engi
neering stress-strain curve for the material is depicted in Fig. 7b. 

3.3. Drop-weight impact test 

Fig. 8 illustrates the setup for the drop-weight impact test. The drop- 
weight impact test is conducted using an impact testing machine, 
equipped with a computer control and data acquisition system. The 
impact energy and velocity range of the machine are 1260 J~30,000 J, 2 
m/s~7.67 m/s, respectively. The sampling frequency is 500 kHz. 
Additionally, a high-speed camera is employed to make it easier to gain 
a clear observation of the specimen’s deformation process upon impact. 
A die with a boss is employed and securely bolted to the impact test 
bench. The impactor has a weight of 730 kg, and the initial impact speed 
is set at 2.84 m/s. Throughout the test, the force–displacement sensor 
provided measurements of the crushing force and displacement expe
rienced by specimens. 

3.4. Finite element modeling 

To evaluate the mechanical behavior of the proposed KMS under 
axial impact load, the numerical simulation using the finite element 
modelling (FEM) is implemented. As seen in Fig. 9(a), the FE model is 
discretized using the four-node Belytschko–Tsay shell element and the 
simulation is performed using the single-point integration algorithm. In 
such large deformation processes [59], five integration points are often 
defined along the thickness direction of shell elements to minimize 
hourglass energy and also to enhance computation accuracy. In order to 
select the appropriate mesh size, the mesh sensitivity analysis is carried 
out. Fig. 9(b) shows that when the mesh size is less than 1 mm, MCF of 
the proposed KMS remains relatively stable. To balance the efficiency 
and accuracy of the computation, a mesh size of 0.75 mm was selected 

Table 1 
The parameter of specimens.  

NO. Section shape a1/mm a2/mm t/mm l/mm θ/◦ N lt/mm lCCT/mm D/mm 

SP1 square 27.5 31.0 1 4.138 130 4 30 140 40.5 
SP2 triangle 36.7 41.3 1 3.978 141 4 30 140 40.5 
SP3 circle 35.0(d1) 39.5(d2) 1 4.373 118 4 30 140 40.5 
SP4 hexagon 18.3 20.7 1 4.287 122 4 30 140 40.5  

Fig. 7. Material and specimen: (a)Specimens; (b) Engineering stress-strain 
curve of SLM 316L SS and size of the tensile specimen. 

Table 2 
Material parameters of SLM 316L SS.  

Material Density ρ 
/(kg/ 
m3) 

Young modulus 
E 
/GPa 

Poisson’s ratio 
ν 

Yield strength 
σy 

/MPa 

SLM 316L 
SS 

7850 207.9 0.33 253.75  
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for finite element analysis. The nonlinear explicit dynamics computa
tions in this section are performed using the LS-DYNA solver. The upper 
pressing plate is configured to have a rigid property, with an initial 
velocity of 2.84 m/s and a constant mass of 730 kg. The HMT ’s bottom 
end uses full constraint. LS-DYNA’s keyword, *CON
TACT_AUTOMATICT_SURFACE_TO_SURFACE, is employed to simulate 
the contact between the rigid plate and the HMT. Additionally, *CON
TACT_AUTOMATICT_SINGLE_SURFACE, is used to simulate the contact 
formed by the thin-walled structure’s inherent plastic deformation. The 
friction coefficient is 0.1. The constitutive model, *MAT_PIECWISE_LI
NEAR_PLASTICITY in LS-DYNA, is utilized. 

3.5. Results analysis and validation 

In this study, crashworthiness indicators [61] are used to evaluate 
the energy absorption capacity of KMS with different parameters, as 
shown in Table 3. Comparing the test with finite element simulations 
reveals a good agreement in both the impact deformation process and 
the force–displacement curve, as shown in Figs. 10 and 11. The relevant 
crashworthiness indicators are presented in Table 4. The error of 
experiment and simulation is about 5–10 %. Therefore, the accuracy of 
the finite element model established in this study has been validated, 
and it can be utilized to simulate other structures and assisting in the 
analysis of experimental results. Moreover, under axial impact loads and 
the current geometric dimensions, the specimens exhibit a two-stage 
force–displacement response, mainly due to the fact there is no signifi
cant difference in the MCF between the transition segment and the cir
cular tube. As shown in Fig. 12, the force–displacement curve from the 
experiment closely aligns with the two-stage curve in terms of trend. The 
fluctuation in load during the second plateau is considered a normal 
occurrence, attributed to the progressive deformation of the circular 
tube and the gradual formation of plastic hinges layer by layer. 

3.5.1. Deformation mode 
The mechanical response and deformation mode of KMS were 

analyzed through a combination of drop-weight impact tests and nu
merical simulations. As illustrated in Fig. 10, it is evident that specimens 
exhibit the ordered deformation mode in the kirigami structure. This 
process induced the sequential development of plastic hinges in the 
transition segment and the circular tube. For SP1, the folding of the 
kirigami structure initiated in the first module and the fourth module, 
followed by the subsequent folding of the two modules situated in the 
middle. The kirigami structure induced a diamond mode deformation 
characterized by four-fold in the transition segment. Subsequently, 
when the second plastic hinge formed, the diamond mode transformed 
into a three-fold configuration. It is obviously observed that the circular 

Fig. 8. Drop-weight impact test setup.  

Fig. 9. Finite element modeling: (a)Meshing;(b) The mesh sensitivity analysis.  

Table 3 
Crashworthiness indicators [5].  

Indicator Expression Characteristics 

Initial peak force, 
IPF 

/ IPF is employed to monitor the initial 
impact acceleration; For instance, in the 
scenario of a vehicle collision, the initial 
peak should be minimized or eliminated in 
order to limit the impact acceleration [60] 
that will probably result in passenger 
injuries or even casualties. 

Energy absorption, 
EA 

EA(d) =

∫d

0

F(s)ds 

EA is used to determine the energy 
absorption capability of a structure with the 
identical mass. It can only depict the change 
of energy, but not the load condition; 

Specific energy 
absorption, SEA 

SEA(d) =

EA(d)
m 

SEA is used to determine a structure’s 
energy absorption capability and is also 
employed for structures with different mass. 
The higher the SEA value, the better. 

Mean crushing 
force, MCF 

MCF(d) =

EA(d)
d 

It indicates the average load within the 
effective crushing stroke d; 

Peak crushing 
force, PCF 

/ The maximum crushing force within the 
effective crushing stroke; 

Crushing force 
efficiency, CFE CEF(d) =

MCF(d)
PCF(d)

It can be used to determine the relationship 
between the average load and the maximum 
force within the effective crushing stroke, as 
well as load fluctuation. A higher CFE is 
advantageous for increasing the structure’s 
energy absorption capability 

Note: d is the effective crushing stroke (ECS) [19]. 
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Fig. 10. Comparison of drop-weight impact tests and finite element simulations.  

Fig. 11. Force–displacement curves of test and simulation: (a)SP1; (b)SP2; (c)SP3; (d)SP4.  
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tube exhibits a hybrid deformation state, combining four -fold and three- 
fold modes. Fig. 13a illustrates that the kirigami structure of SP1 pri
marily exhibits two deformation modes, namely, Inflated Extension 
Mode (IEM) and Corolla Extension Mode (CEM). However, the CEM 
results in inadequate folding in the stationary hinge line. Fig. 13b re
veals that the kirigami structure of SP2 does not fold according to the 
stationary hinge line. During the folding process, the top module ex
pands outward, while the bottom module concaves inward. As further 
folding and deformation occur, the module’s corner gradually inclines, 
inducing a layer of plastic hinge in the transition segment which results 
in an ordered three-fold diamond mode deformation in the circular tube. 
As illustrated in Fig. 13c. The kirigami structure of SP3 folds evenly 
along the stationary hinge line. Subsequently, the transition segment 
forms a layer of accordion plastic hinge, leading to the transformation of 
deformation into an ordered 3-fold diamond mode in the circular tube. 
In the case of SP4, as depicted in Fig. 13d, the kirigami structure also 
folds evenly, inducing an ordered three-fold diamond mode in the cir
cular tube. Notably, SP4 experiences fracture failure due to the fact that 
the transition segment is constrained by the kirigami structure with a 
hexagonal cross-section, which forms inwardly expanding plastic hinge, 
resulting in structural fracture. 

3.5.2. Crashworthiness analysis 
Force–displacement curves shown in Fig. 11 demonstrate that KMS 

with different cross-section shapes exhibit a favorable peak clipping and 
significant plateaus. As illustrated in Table 4, it can be observed that the 
SEA of SP1 exhibits the highest SEA among all the specimens, reaching 
15.516 kJ/kg. which is 21.5 % larger than the lowest value obtained for 
SP3. Furthermore, the CFE of SP1, at 52.365 %, is second only to that of 
SP3. Consequently, SP1, with a square cross-section, exhibits superior 
performance in terms of the evaluation indicators for energy absorption. 
Furthermore, it can be observed that as the number of sides nsec in
creases, the IPF of KMS gradually decreases. Notably, SP3 exhibits the 
lowest initial peak force, measuring 9.909 kN, which can be attributed 
that the kirigami structure with circular cross-section are easier to 
folding deformation due to the absence of inclined stationary hinge lines 
for bending. Consequently, the circular cross-section demonstrates 

lower stiffness, resulting in a more remarkable peak clipping. 
Additionally, it can be observed that SP3 and SP4 exhibit a 

remarkable peak after entering the plateau stage. It can be noted that 
plastic hinges in accordion mode appears in the transition segment 
during the peak period of SP3, as shown in Fig. 11c. In the case of SP4, 
the kirigami structure induces the formation of diamond mode plastic 
hinges in the transition segment, as shown in Fig. 11d. Although the 
kirigami structure can induce controlled deformation in the transition 
segment and the circular tube, the kirigami structure with different 
cross-section yields different force–displacement responses. Notably, the 
transformation of the deformation mode is disadvantageous to the sta
bility of the load under the current load condition. 

4. Discussion 

4.1. Study of design parameters 

It is observed from Section 3 that the KMS with three-segment 
structure exhibits a two-stage force–displacement response. However, 
the fluctuation in the force–displacement curve and the energy ab
sorption performance are influenced by the deformation mode of the 
KMS. Therefore, an analysis of the effect of design parameters on the 
KMS with a three-segment configuration is conducted by numerical 
simulations. Key design parameters for the kirigami structure include 
the side length of the cross-section (a1), the width of the inclined plate 
(l), and the angle between the inclined plates (θ). Numerical simulations 
are conducted by using a univariate method for the examples. Consid
ering the actual installation dimensions of structures in engineering 
practice, especially when installed in confined spaces, it is assumed here 
that the total length of the structure is a constant value of 200 mm. The 
central diameter of the circular tube is 40.5 mm, with a wall thickness of 
0.8 mm, and the number of modules in the kirigami structure is 4. The 
length of the circular tube is a constant value of 130 mm. The section 
primarily discusses the parameters a1, l and θ, with detailed information 
provided in the Table 5. The analysis from Section 3.5 indicates that the 
KMS with a square cross-section exhibits relatively superior perfor
mance in terms of energy absorption capacity, peak clipping, and load 
stability. Therefore, kirigami structures with square cross-sections are 
employed as examples for numerical simulations to explore the effect of 
design parameters on its performance. 

4.1.1. Effect of the side length a1 
Within the range of 22–30 mm for a1, as the a1 increases, the plateau 

force of kirigami structure gradually rises, and the IPF increases grad
ually. The kirigami structure primarily exhibits the IEM and CEM. For 
a1_22, a1_24 and a1_26, a "3I + 1C" mode is observed, while a1_28 and 
a1_30 exhibit a "1I + 3C" mode. As shown in Fig. 14, the CEM causes 
horizontal stationary plastic hinge lines to not fully fold, resulting in a 
decrease in the plastic deformation energy dissipated. Fig. 15 reveals 
that with the increase in a1, the SEA of the structure decreases. Addi
tionally, except for a1_30, all examples exhibit stable and ordered dia
mond mode deformation. Fig. 16 shows that a1_30 exhibits a significant 
peak at a crushing displacement of approximately 55 mm, where the 
circular tube of a1_30 undergoes local buckling during the crushing 
deformation process, gradually transitioning from a four-fold diamond 
mode to a three-fold one, and leading to a decrease in plateau force. The 

Table 4 
Results comparison of experiment and simulation.  

NO. Experiment Numerical simulation 

EA/J m/kg IPF/kN SEA/(kJ/kg) CFE/(%) MCF/kN IPF/kN SEA/(kJ/kg) CFE/(%) MCF/kN 

SP1 2738.576 0.177 14.448 15.516 52.365 19.413 15.196 15.609 48.11 % 18.684 
SP2 2560.721 0.175 15.972 14.633 48.976 17.579 14.799 13.807 48.10 % 16.643 
SP3 2274.854 0.178 9.909 12.766 52.959 17.238 9.403 13.390 57.55 % 17.504 
SP4 2446.480 0.179 13.527 13.673 48.252 17.757 15.174 14.699 63.34 % 18.742  

Fig. 12. The two-stage curve and the experimental curve.  
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larger a1, the less likely the kirigami structure is to form the IEM and the 
larger the load fluctuation. 

4.1.2. Effect of the angle between the inclined plates θ 
In the range of 110◦ to 150◦ for θ, as θ increases, the plateau force of 

the folded structure gradually increases, attributed to the increasing 
stiffness of the kirigami structure. However, with larger θ values, the 
bending moment of the horizontal stationary plastic hinge line in the 
kirigami structure increases, leading to insufficient folding deformation 
and difficulty in forming the IEM. For θ_150, in particular, the folding 
deformation does not occur as expected along the hinge line, as shown in 
Fig. 17, and there is a noticeable peak in the initial stage. Additionally, 
as θ increases, both SEA and IPF exhibit a gradual increasing trend, as 
illustrated in Fig. 18. Fig. 19 reveals that θ_110 and θ_120 show rela
tively stable loads in the initial stage, while other examples exhibit 

significant fluctuations. Within the parameter range, the θ has no sig
nificant effect on deformation modes of the transition segment and the 
circular tube. Excessively large θ make it difficult for the kirigami 
structure to form the IEM, resulting in a larger initial peak force. 

4.1.3. Effect of the width of the inclined plate l 
In the range of 3.1 mm to 5.1 mm for l, as the l decreases, the plateau 

force of the kirigami structure gradually increases, and the IPF also in
creases gradually, attributed to the increasing stiffness of the kirigami 
structure, as shown in Fig. 20. Smaller values of l result in insufficient 
folding deformation of the kirigami structure, making it difficult to form 
the IEM. With the decrease in l, the load fluctuations of the kirigami 
structure gradually increase. Notably, l_3.1 exhibits a significant initial 
peak force. As observed in the Fig. 21, there is no clear monotonic 
relationship for the structural SEA with the variation in l. Among the 

Fig. 13. Deformation mode of specimens: (a)SP1; (b)SP2; (c)SP3; (d)SP4.  
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examples, l_4.6 has an excellent performance in both SEA and IPF, but 
during the formation of plastic hinges in the transition segment, l_4.6 
forms a plastic hinge at the connection between the transition segment 
and the circular tube, as indicated by the red line of l_4.6 in the Fig. 20, 
leading to significant fluctuations in the force–displacement response. 
The magnitude of l affects the formation of plastic hinges in the transi
tion segment and the fluctuation of the load. 

4.2. Thickness gradient 

From drop-weight impact tests, it is observed that for KMS with 
uniform thickness, the peak clipping is evident. However, plateaus of the 
transition segment and the circular tube are relatively close, resulting in 
a two-stage force–displacement response for the KMS with three 
segment structures. Thanks to the additive manufacturing, the proposed 
KMS can be designed with variable thickness, which will be discussed in 
this section. Building upon a1_26, KMS with different thickness gradient 
distributions is considered. The specific thickness parameters are 
detailed in Table 6, where t1 represents the thickness of the kirigami 
structure, t2 is the thickness of the transition segment, and t3 is the 
thickness of the circular tube. 

It is evident that KMS with different thickness gradient distributions 
exhibits a three-stage force–displacement response, and the simulation 
results are in good agreement with that of theoretical analysis, as shown 
in Fig. 22. The kirigami structure achieves stable loading and peak 
clipping due to introduced imperfections, while the circular tube 
maintains the stable progressive deformation and the higher SEA. 
Additionally, the transition segment with a hybrid geometry combines 
the kirigami structure and the circular tube, achieving both peak clip
ping and high energy absorption. In terms of crashworthiness indicators, 
with the increasing thickness gradient, the SEA of the KMS gradually 
increases, while the IPF and the CFE decrease, as shown in Figs. 23 and 
24. 

Table 5 
Parameters of examples.  

NO. a1 

/mm 
t/mm l/mm θ/◦ N lCCT 

/mm 
D 
/mm 

a1_22 22 0.8 4.1 130 4 130 40.5 
a1_24 24 0.8 4.1 130 4 130 40.5 
a1_26 26 0.8 4.1 130 4 130 40.5 
a1_28 28 0.8 4.1 130 4 130 40.5 
a1_30 30 0.8 4.1 130 4 130 40.5 
θ_110 26 0.8 4.1 110 4 130 40.5 
θ_120 26 0.8 4.1 120 4 130 40.5 
θ_130 26 0.8 4.1 130 4 130 40.5 
θ_140 26 0.8 4.1 140 4 130 40.5 
θ_150 26 0.8 4.1 150 4 130 40.5 
l_3.1 26 0.8 3.1 130 4 130 40.5 
l_3.6 26 0.8 3.6 130 4 130 40.5 
l_4.1 26 0.8 4.1 130 4 130 40.5 
l_4.6 26 0.8 4.6 130 4 130 40.5 
l_5.1 26 0.8 5.1 130 4 130 40.5  

Fig. 14. Deformation mode of the kirigami structure with different a1.  
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Here, we compare the KMS with the pure circular tube (PCT). The 
PCT has a wall thickness of 0.9 mm, a diameter of 40.5 mm, and a tube 
length of 200 mm. Results from Table 7 indicate that due to the intro
duction of the kirigami structure, the KMS exhibits a significant peak 
clipping. Specifically, T2 has an IPF of 3.839 kN, which is 88.381% 
lower than that of PCT. Additionally, the CFE of KMS is superior to PCT, 
and the SEA can maintain its original level. It can be observed from the 
Fig. 25 that PCT exhibits a three-fold accordion mode plastic hinge 
during collapse, corresponding to three peak responses, and subse
quently transitions into a stable diamond mode deformation, which 
leads to large loads in the initial stage of collision, resulting in a large 
initial acceleration which is undesirable for the crashworthiness. 

However, with the introduction of the kirigami structure, the initial 
acceleration during collision is reduced, allowing the load to gradually 
and steadily rise, and the crashworthiness of the EA structure is effec
tively improved. In summary, by adjusting the thickness gradient dis
tribution, KMS can maintain a high energy absorption while effectively 
reducing the IPF, thereby improving the structural crashworthiness. 

4.3. Multi-stage energy absorption response 

In order to approach a smooth and gradual rise followed by a stable 
plateau in the force–displacement response, the target curve can be 

Fig. 15. Crashworthiness indicators with different a1: SEA and IPF.  

Fig. 16. Force–displacement curves with different a1.  

Fig. 17. Deformation mode of θ_150.  

Fig. 18. Crashworthiness indicators with different θ: SEA and IPF.  

Fig. 19. Force–displacement curves with different θ.  

Fig. 20. Force–displacement curves with different l.  
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discretised into multiple segments, then the kirigami structure can be 
divided into multiple segments. By controlling parameters, segmented 
structural stiffness can be formed, further achieving a multi-stage energy 
absorption force–displacement response. Here, we discuss a KMS with 
five segment structures, where the kirigami structure is divided into 
three segments. Based on the analyses in Sections 4.1 and 4.2, by con
trolling the parameters of each segment, the structure exhibits a certain 
stiffness gradient distribution in the collision direction, as shown in 
Table 8. It is observed from Fig. 26 that the KMS exhibits a five-stage 
force–displacement response, and the result from theoretical analysis 
align well with simulation one. In terms of deformation modes, the 

Fig. 21. Crashworthiness indicators with different l: SEA and IPF.  

Table 6 
Thickness of structures with different thickness distributions.  

NO. t1 

(mm) 
t2 

(mm) 
t3 

(mm) 

PCT / / 0.9 
T1 0.5 0.8 1.1 
T2 0.5625 0.8 1.0375 
T3 0.625 0.8 0.975 
T4 0.6875 0.8 0.9125 
T5 0.75 0.8 0.85  

Fig. 22. Force–displacement curves with different thickness gradient.  

Fig. 23. Crashworthiness indicators with different thickness gradient: MCF 
and CFE. 

Fig. 24. Crashworthiness indicators with different thickness gradient: SEA 
and IPF. 

Table 7 
PCT and T2: structural crashworthiness indicators.  

NO. EA/J m/kg IPF/kN SEA/(kJ/kg) CFE/(%) 

PCT 2884.188 0.180 33.042 16.023 57.96 
T2 2868.337 0.180 3.839 15.940 59.106  

Fig. 25. Force–displacement curves of T2 and PCT.  

Table 8 
Structural parameters of KMS with a five-stage response.  

NO. Segment a1/ 
mm 

t1/ 
mm 

l/mm θ/◦ N 

Kirigami 
sturctures 

Seg 1 26 0.5 5.1 110 2 
Seg 2 26 0.65 4.6 120 2 
Seg 3 26 0.8 4.1 130 2 

Transition segment Seg 4 lt/mm t2/mm 
22.49 0.9 

Circular tube Seg 5 lCCT/mm t3/mm D/mm 
130 1.0 40.5  
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kirigami structure undergoes sequential deformation, and then the 
transition segment and the circular tube form a stable diamond mode 
deformation, as shown in Fig. 27. 

It is worth noting that for different collision scenario, the process of 
the rise of the crushing force is different, and the magnitude of the 
plateau is also different. The designer can divide the kirigami structure 
into several segments according to the actual situation, and control the 
MCF of each segment by adjusting the parameters, so that the force
–displacement response of the structure can be more approximate to the 
rising process of the crushing force of the target curve. 

5. Conclusion 

The design method proposed in this study approximates the target 
curve with discrete multi-stage energy absorption response, which can 
achieve the design of energy-absorbing structures under different 
collision scenarios. The approximation of the target energy-absorbing 
curve can be achieved through theoretical analysis guidance and 
parameter control by using multi-module and multi-stage structures to 
control the segmental stiffness. Experimental and numerical simulation 
results demonstrate that the proposed kirigami-based multi-stage energy 
absorption structure (KMS) achieves progressive segmented dissipation 
of impact energy, exhibiting excellent crashworthiness. The main con
clusions of the study are as follows:  

(1) Thanks to the characteristics of stable loading and significant 
peak clipping in kirigami structures, theoretical analysis of the 
mean crushing force is derived and employed to guide structural 

design. By adjusting the geometric parameters of the kirigami 
structure to control the mean crushing force and crushing stroke, 
the energy-absorbing structure can approximate the target curve 
with a multi-stage energy absorption response, thus achieving the 
design of energy-absorbing structures under different collision 
scenarios.  

(2) Experimental results indicate that the KMS designed for a certain 
collision scenario exhibits stable deformation under impact loads. 
Additionally, the kirigami structure effectively induces the cir
cular tube to undergo a stable and ordered diamond mode 
deformation. Notably, the kirigami structure with a square cross- 
section demonstrates excellent performance in crashworthiness 
indicators and force–displacement response, showing a 21.5 % 
higher SEA compared to that of a circular cross-section.  

(3) Numerical examples demonstrate that the kirigami structure 
dominates the inducing effect on adjacent segments, which may 
be regulated by design parameters. The deformation mode of the 
kirigami structure and its induced effect can be effectively 
controlled by the appropriate parameter design.  

(4) Using the proposed design method, the designer can divide the 
kirigami structure into several segments according to the certain 
collision scenario, and control the MCF of each segment by 
adjusting design parameters, in order to enable the force
–displacement response of the EA structure to be more approxi
mate to the rising process of the crushing force of the target curve. 

From the perspective of structural design, the plateau force and the 
crushing stroke of kirigami structures are easily controllable, so the 
designing based on kirigami structures can better achieve discretized 
multi-stage curves, enabling energy-absorbing structures to cope with 
requirements of various scenario. Additionally, the study allows for a 
hybrid design of kirigami structures and circular tubes, and the proposed 
KMS effectively reduces the initial peak force and acceleration while 
improving the energy absorption efficiency of the structure. In sum
mary, the design method proposed in this study provides insights into 
the crashworthiness design of energy-absorbing structures for specific 
collision scenarios. 
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Fig. 26. Five-stage response.  

Fig. 27. Deformation mode with a five-stage response.  
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Appendix A 

According to the energy principle, ignoring the elastic deformation, the work done by the external force is equal to the plastic energy dissipation 
during the deformation of the kirigami structure. The energy is dissipated through bending of the stationary plastic hinges and the shape distortion of 
the panel. 

For the kirigami structure with polygonal cross-section, the stationary plastic hinges include horizontal stationary plastic hinges and inclined 
stationary plastic hinges, which correspond to different bending angles, respectively.

Fig. A1. The parameter of the kirigami structure.  

Eq. (A.1) can be utilized to calculate the energy dissipated by bending of the stationary plastic hinges [52] 

E = Mp

∑
liΔθi (A.1)  

in which Mp = 1
4σ0t2 is the fully plastic bending moment, li is the length of a hinge line i, Δθi is the change in bending angle of a hinge line i, and σ0 

=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σyσu/1 + n

√
is the effective plastic flow stress [62], σy is yield strength, σu is the ultimate strength and n is the strain hardening exponent, n = 0.3. 

The energy dissipated along the horizonal stationary plastic hinge lines of length a1, a2 and a3 are respectively calculated as 

E11 =

∫ θ1

0
Mpa1dθ1 = Mpa1θ1 (A.2)  

E12 =

∫ θ1

0
Mpa2dθ1 +

∫ θ2

0
Mpa2dθ2 = Mpa2(θ1 + θ2) (A.3)  

E13 =

∫ θ2

0
Mpa3dθ2 = Mpa3θ2 (A.4) 

The energy dissipated along the inclined stationary plastic hinge lines of length c1, and c2 are respectively calculated as 

E21 =

∫ π
2

η1

2Mpc1dη1 = Mpc1(π − 2η1) (A.5)  

E22 =

∫ π
2

η2

2Mpc2dη2 = Mpc2(π − 2η2) (A.6) 

The energy is dissipated through the shape distortion in each of four panels, as shown in the red area of Fig. A1, for one of the panels, there is a 
boundary ω between the stretching deformation region (area red) and the rigid region which is represented by an arbitrary function g(x) [43,62], s is 
the circumferential curvilinear coordinate from the direction perpendicular to the line OQ, assuming that there is a velocity v that is linear with s, 
which is in s direction. The velocity v can be expressed as 

v =
vP(x/sinγ)s

c1(g(x) + β(x/sinγ))
, 0 ≤ s ≤ g(x) + β(x / sinγ) (A.7)  

where vp is the velocity of point P, and vP = c1ψcosαα̇. 
Only the contribution of circumferential strain rate ε̇ to energy dissipation is considered, ignoring the influence of shear strain rate, and ε̇ can be 

adopted: 

ε̇ =
vP(x/sinγ)

c1(g(x) + β(x/sinγ))
(A.8) 

The rate of energy dissipation of stretching in panel can be expressed as 

Ė31 =

∫

A
σ0tε̇dA =

1
2
σ0tc2

1ψcosα1α̇1 (A.9)  

where A is the area of the stretching deformation region and dA = (g(x) + β(x /sinγ))d(x /sinγ). 
The energy dissipation of stretching can be calculated as 

E31 =

∫ π
2

α1

2Mp
c2

1

t
ψcosα1dα1 = 2Mp

c2
1

t
ψ(1 − sinα1) (A.10) 

Similarly, 
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E32 =

∫ π
2

α2

2Mp
c2

2

t
ψcosα2dα2 = 2Mp

c2
2

t
ψ(1 − sinα2) (A.11) 

For a kirigami structure of a polygonal cross-section with N modules, the energy dissipation is 

Ek polygon = nsecN(E11 +E12 +E13 +E21 +E22 + 2E31 + 2E32) (A.12)  

Ek polygon = nsecNMp

(

a1θ1 + a2(θ1 + θ2)+ a3θ2 + c1(π − 2η1)+ c2(π − 2η2)+ 4
c2

1

t
ψ(1 − sinα1)+ 4

c2
2

t
ψ(1 − sinα2)

)

(A.13) 

The energy dissipation of a kirigami structure with a circular cross-section mainly includes the bending of the horizontal stationary plastic hinges 
and the energy contributed due to the circumferential force. 

The length of the horizonal stationary plastic hinge is the circumference of the circular section, and the energy dissipated along the horizonal 
stationary plastic hinge lines are respectively calculated as 

E41 =

∫ θ1

0
Mpπd1dθ1 = Mpπd1θ1 (A.14)  

E42 =

∫ θ1

0
Mpπd2dθ1 +

∫ θ2

0
Mpπd2dθ2 = Mpπd2(θ1 + θ2) (A.15)  

E43 =

∫ θ2

0
Mpπd3dθ2 = Mpπd3θ2 (A.16) 

The energy contributed due to the circumferential force [55] can be calculated as 

Ė51 = 2πσ0t
(
l2
1

/
2+ 2l3

1sinα1
/

3d1
)
cosα1α̇1 (A.17)  

E51 =

∫ π
2

α1

πσ0tl2
1cosα1dα1 +

∫ π
2

α1

4πσ0tl3
1sinα1cosα1

/
3d1dα1

=
4Mpπl2

1

t
(1 − sinα1) +

4Mpπl3
1

3d1t
(1 + cos2α1)

(A.18) 

Similarly, 

E52 =

∫ π
2

α2

πσ0tl2
2cosα2dα2 +

∫ π
2

α2

4πσ0tl3
2sinα2cosα2

/
3d2dα2

=
4Mpπl2

2

t
(1 − sinα2) +

4Mpπl3
2

3d2t
(1 + cos2α2)

(A.19) 

For a kirigami structure of a circular cross-section with N modules, the energy dissipation is 

Ek circle = nsecN(E41 +E42 +E43 +E51 +E52) (A.20)  

Ek circle = nsecNMpπ
(

d1θ1 + d2(θ1 + θ2) + d3θ2 +
4l2

1

t
(1 − sinα1) +

4l3
1

3d1t
(1 + cos2α1) +

4l2
2

t
(1 − sinα2) +

4l3
2

3d2t
(1 + cos2α2)

)

(A.21)  
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