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 A B S T R A C T

Kirigami, the Japanese art of paper cutting, can be used to generate complex 3D shapes from 2D sheets. 
Kirigami structures can also be highly stretchable and accommodate extremely large strains from common 
materials, such as aluminium, which allow relatively small strains at failure. The high stretchability of Kirigami 
makes it an ideal method for energy dissipation applications. This study investigates the mechanics and energy-
dissipating behaviour of Kirigami made from metallic materials. A comprehensive analysis is conducted using a 
combination of reduced-order analytical modelling, finite element analysis, and experimental validation. The 
analytical model is used to produce a design methodology for energy-dissipating devices based on metallic 
ribbon Kirigami and is then applied as a case study to the design of a novel fall arrest system. The results 
of this study will enable the design of efficient, and highly customisable energy-dissipating systems based on 
metallic Kirigami.
1. Introduction

Kirigami is a Japanese art form derived from the words ‘‘kiri’’ (cut) 
and ‘‘kami’’ (paper). It involves cutting to create elaborate designs. 
Kirigami structures demonstrate extraordinary stretchability and are ca-
pable of undergoing extensive deformation and in-plane strains through 
out-of-plane buckling [1]. This distinctive feature makes Kirigami a 
versatile and widely applicable technique in fields such as architecture, 
engineering, and material science.

Kirigami encompasses a wide variety of cutting patterns, further 
expanding its applicability and design possibilities. Kirigami cutting 
patterns can be broadly classified [2] into those created solely by 
cutting such as fractal cut [3,4] and ribbon [1,5], and those formed 
by both cutting and folding such as lattice [6,7], zigzag [8], and 
closed-loop Kirigami [9–11].

The versatility of kirigami has led to applications in a wide range of 
fields including wearable sensors [12–14], soft robotics [15,16], adap-
tive facades [17,18], fog harvesting [19], and solar tracking [20,21]. 
Kirigami has also shown promise as the basis of energy-dissipating 
devices. Examples include the axial crushing of Kirigami tubes [22–24], 
the crushing of Kirigami-based sandwich panel cores [25–27], and 
protective wrapping [23]. Studies have also used Kirigami to address 
challenges such as high initial peak force and fluctuating crushing 
resistance, aiming to improve the stability and efficiency of these 
structures under impact loads [25,27]. However, to date studies have 
centred on devices designed to withstand compression or shear forces, 
reflecting a common focus in energy absorber research [26].
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This study investigates the tensile energy-dissipating behaviour of 
ribbon Kirigami constructed from metallic materials using a combina-
tion of analytical, experimental, and numerical approaches. Energy is 
dissipated through plastic deformations concentrated in discrete yield 
lines which emerge due to out-of-plane deformation. The analytical 
model forms the basis of a design methodology which is then applied as 
a case study to the design of a novel fall arrest system. Metallic Kirigami 
offers a simple, and highly customisable, method of constructing novel 
energy dissipating devices.

2. Geometry and experiments

The ribbon Kirigami cut pattern comprises an array of parallel cuts 
arranged into columns and rows, as shown in Fig.  1(a). The region 
surrounding each cut is identical forming a unit cell, shown in Fig.  1(b), 
which repeats throughout the sheet. The number of unit cells along the 
height is 𝑛𝑦 and across the width is 𝑛𝑥. The width of each unit cell is 𝐿
and the link widths are 𝑤ℎ. The vertical space between two consecutive 
cutting rows is 𝐿𝑦 and 𝐿𝑥 is the length of each cut. The thickness of the 
sheet is 𝑡𝑠.

Ribbon kirigami can buckle out-of-plane into two distinct modes: 
symmetric and anti-symmetric depending on the cut pattern [5]. The 
large stretchability of the anti-symmetric mode makes it ideal for use 
as the basis of energy-dissipating devices. This study exclusively uses 
cut patterns which ensure the anti-symmetric mode will occur.
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Fig. 1. (a) Geometry of the ribbon cutting pattern and (b) The ribbon Kirigami unit cell. Half the aspect ratio of the shaded facet, 𝜓 = 𝐿𝑦∕(𝐿 − 𝑤ℎ), is a key parameter for the 
behaviour of metallic ribbon Kirigami.
Fig. 2. Schematic of experimental setup, H and W are symbols of the entire height 
and width of specimen.

A set of two Kirigami specimens with identical geometrical parame-
ters (𝐿 = 60 mm, 𝑤ℎ = 5 mm, 𝐿𝑦 = 5 mm, 𝑛𝑦 = 10, 𝑛𝑥 = 2, and 𝑡𝑠 = 1 mm) 
were fabricated to provide experimental validation. 1060 Aluminium 
alloy sheet was used and the test specimens were manufactured by 
water jet cutting, which avoids the creation of heat-affected zones that 
occur when laser or plasma cutting is used.

A test fixture was designed to securely grip the top and bottom edges 
of the Kirigami, as shown in Fig.  2. The test fixture was connected to 
an Instron 2580 universal testing machine. Both ends of the kirigami 
were securely fixed to the test fixtures and the top grip moved upwards 
under displacement control at a rate of 10 mm/min.
2

In Fig.  3, the deformed shapes of the ribbon Kirigami in both 
experiment and finite element analysis (Section 3) are showcased, 
revealing a high degree of similarity. The cells located in the middle 
rows started buckling first due to the influence of the fixed boundary 
conditions provided by grips. Then further rows buckled sequentially 
moving outwards from the initially buckled cells.

The force–displacement behaviour of the experiments and finite 
element analysis is depicted in Fig.  4 showing very good agreement. 
Initially, the force increases rapidly to a peak value before out of plane 
buckling occurs. At the onset of out-of-plane buckling, the force drops 
rapidly to a nearly constant post-buckling plateau. This post-buckling 
plateau force, in particular, is crucial for energy-dissipating purposes.

The observed force oscillations are the result of the buckling of 
sequential rows of the sheet. At high displacements the force increases 
rapidly since a kinematic limit of extension is reached and in-plane 
stretching of the sheet becomes increasingly significant, eventually 
leading to failure by tearing.

3. Finite element analysis

Finite element simulations using ABAQUS [28] were conducted to 
complement the experiments. The entire structure is meshed using four-
node quadrilateral shell elements with reduced integration (S4R). A 
mesh sensitivity analysis was conducted using three different mesh 
sizes: 0.1 mm, 0.25 mm, and 0.5 mm, as shown in Fig.  5. The corre-
sponding force–displacement graphs are presented in Fig.  6. The results 
indicate that increasing the mesh size up to 0.5 mm does not produce 
any significant changes to the response. Therefore, a mesh size of 
0.5 mm was used for the finite element analysis.

The Johnson-Cook plasticity material model [29] with isotropic 
strain hardening was employed with the parameters for 1060 alu-
minium alloy shown in Table  1. To obtain the parameters, the values 
outlined in [30] were initially employed to construct a finite element 
model of tensile coupon specimens. The material model parameters 
were then adjusted to match experimental tensile coupon tests on the 
same aluminium sheet used to manufacture the test specimens.

All six degrees of freedom were constrained at the bottom grip. 
For the top grip, all degrees of freedom except displacement in the 
extension direction were constrained. Initially, an eigenvalue buckling 
analysis was performed. Deformations from the first twenty buckling 
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Fig. 3. The post-buckled shape of ribbon Kirigami, in the anti-symmetric mode, is 
shown for both experiment and finite element analysis. The three different deformation 
states (20 mm, 80 mm, and 280 mm) show excellent qualitative agreement.

Fig. 4. Force–Displacement graphs of experimental tests and finite element analysis 
showing very good agreement. The force oscillations observed are a result of the 
buckling of sequential rows of the sheet.

modes were scaled by 0.025, summed, and imposed as initial imperfec-
tions for the subsequent non-linear static analysis step. The simulation 
proceeded under displacement control of the top edge of the sheet. 
Comparison of the force–displacement behaviour to experiments in Fig. 
4 shows very good agreement. The difference between the average 
plateau force in the experiments and finite element analysis is less than 
2%.
3

Fig. 5. Unit cell mesh with element sizes of (a) 0.1 mm, (b) 0.25 mm, and (c) 0.5 mm 
was used to analyse the mesh size sensitivity.

Fig. 6. Force–displacement graphs for different mesh sizes (0.1 mm, 0.25 mm, and 
0.5 mm). The results demonstrate that increasing the mesh size up to 0.5 mm has no 
significant impact on the force–displacement behaviour.

4. Analytical model

An analytical characterisation of the response allows a deeper un-
derstanding of observed behaviour and provides a simple means to 
design energy dissipating systems using Kirigami. We make use of 
yield-line mechanism analysis, a technique widely used to study the 
collapse of thin-walled structures [31], to investigate the post-buckling 
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Table 1
Material properties and Johnson–Cook parameters of 1060 
aluminium alloy.
 Material properties
 Density, 𝜌 (ton∕mm3) 2.7 × 10−9 
 Young’s modulus, E (MPa) 68000  
 Poisson’s ratio, 𝜈 0.33  
 Johnson–Cook model parameters
 A (MPa) 88  
 B (MPa) 45  
 n 0.15  
 m 0.0  
 C 0.001  
 �̇�0 (s−1) 1.0  

behaviour and predict the energy absorption capacity. To utilise yield-
line analysis, we begin by developing a kinematic model of a unit cell 
for the anti-symmetric buckling mode. The unit cell analysis is then 
extended to describe the global response by making use of the so called 
‘Maxwell Construction’ [32,33]. The analytical treatment of a unit cell 
which is then used to predict global mechanical behaviour is common 
for kirigami structures like ours [1,5,16]. It is also a common approach 
for cellular structures more generally [34].

4.1. Unit cell analysis

To conduct an analysis of the ribbon Kirigami structure we first fo-
cus on one unit cell (Fig.  7). The analysis assumes that the unit cell can 
be represented as a series of rigid facets connected by revolute hinges, 
shown as dashed lines in Fig.  7. A consequence of this assumption is 
that no elastic in-plane pre-buckling deformation is possible [35]. The 
axial strain of a unit cell is defined as the unit cell displacement (𝛿) 
divided by the height of the undeformed unit cell (2𝐿𝑦) [20]: 

𝜀 = 𝛿
2𝐿𝑦

= 1
cos 𝜃

− 1 (1)

Eq.  (1) can be inverted to write the angle 𝜃 in terms of the strain: 

𝜃 = cos−1
( 1
1 + 𝜀

)

(2)

where the rotation angle, 𝜃, is illustrated in Fig.  7(b), and 𝜀 is the axial 
strain. The folding angle of the hinges, represented as 𝛽 in Fig.  7(b), is 
obtained from the geometry of the deformed unit cell (Fig.  7(b)) [20]: 

𝛽 = sin−1
[2𝐿𝑦 tan 𝜃
𝐿𝑥 −𝑤ℎ

]

(3)

For the purposes of this analysis, we assume a rigid-perfectly plastic 
material with a hinge plastic moment resistance of [31]: 

𝑀𝑝 =
𝑓𝑦 ⋅ 𝐿𝑦 ⋅ 𝑡2𝑠

4
(4)

where 𝐿𝑦 represents the width of the plastic hinge (see Fig.  7), 𝑓𝑦 is the 
yield stress of the base material, and 𝑡𝑠 is the thickness of the sheet. As 
depicted by dotted lines in Fig.  7(a), each unit cell consists of eight 
yield lines. Hence, the plastic strain energy required to stretch a single 
unit cell is: 
𝑈𝑠 = 8 ⋅𝑀𝑝 ⋅ 𝛽 = 2𝑓𝑦𝐿𝑦𝑡2𝑠 sin

−1
(

2𝜓
√

𝜀(𝜀 + 2)
)

(5)

where 𝜓 = 𝐿𝑦∕(𝐿𝑥 − 𝑤ℎ) = 𝐿𝑦∕(𝐿 − 2𝑤ℎ) is half the aspect ratio of 
the rigid facets, see the red shaded box in Fig.  1(b). To reasonably 
achieve anti-symmetric deformation, the conditions (𝐿 − 𝑤ℎ)∕𝐿𝑦 > 3
and (𝐿−𝑤ℎ)∕𝑤ℎ > 2 must be satisfied [5]. This leads to the constraint: 
0 < 𝜓 < 2∕3.

To determine the force required to stretch the unit cell as a function 
of displacement 𝛿, the principle of stationary total potential energy is 
used. The total potential energy of the system is: 
𝛱 = 𝑈 − 𝐹𝛿 (6)
4

𝑠

Fig. 7. A unit cell (a) consists of eight plastic hinge lines (A1–A4, B1–B4). The idealised 
three-dimensional deformed shape (b) in the anti-symmetric mode shows the hinge 
rotations, 𝛽, and unit cell rotation angle, 𝜃 (Fig.  9).

Fig. 8. Dimensionless force, 𝐹 , vs. strain, 𝜀, behaviour for 0.05 ≤ 𝜓 ≤ 0.30.

where 𝐹  is the force and 𝛿 is the extension of the unit cell. For 
equilibrium 𝑑𝛱∕𝑑𝛿 = 0 and the dimensionless extension force is: 

𝐹 = 𝐹
𝑓𝑦𝑡𝑠2

= 1
𝑓𝑦𝑡𝑠2

𝑑𝑈𝑠
𝑑𝛿

=
2(𝜀 + 1)𝜓

√

𝜀(𝜀 + 2)
(

1 − 4𝜀(𝜀 + 2)𝜓2
)

(7)

Fig.  8 shows plots of the dimensionless force (𝐹 ) vs strain (𝜀) for a 
single unit cell with different values of 𝜓 . The minimum force decreases 
with decreasing 𝜓 . By setting the denominator of Eq. (7) equal to zero, 
the maximum strain can be computed as: 

𝜀𝑚𝑎𝑥 =

√

4𝜓2 + 1
2𝜓

− 1 (8)

The unit cell analysis is now extended to the Kirigami sheet.

4.2. Analysis of the Kirigami sheet

Fig.  9 illustrates the global buckling process of a single column 
Kirigami structure consisting of a chain of identical unit cells. When 
subjected to in-plane extension perpendicular to the cuts, 𝛥, initially 
the cuts open slightly while remaining in plane (Fig.  9a). After a 
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Fig. 9. Schematic diagram illustrating the extension process of ribbon Kirigami in the anti-symmetric buckling mode. The deformation sequence begins with in plane deformation 
(a), at a critical deformation a row buckles out of plane (b), followed by successive rows buckling (c–d). Eventually, the Kirigami is fully stretched and all rows have buckled out 
of plane (e). (f) shows a side view of a fully stretched Kirigami with the unit cell rotation angle, 𝜃, while (g) shows the folding angle of the hinges, 𝛽.
Fig. 10.  Schematic force–displacement graph of a single unit cell. 𝐹𝑝𝑏 is the force 
required to propagate the deformation. It is obtained by ensuring the red hashed area 
(1) and the blue shaded area (2) are equal.

critical extension is reached, one row of cuts buckles out-of-plane 
(Fig.  9b). Due to the boundary constraints at the top and bottom, this 
buckling typically starts in the middle rows. As extension continues, the 
deformation leads to the out-of-plane buckling of successive rows (Fig. 
9c-d). Finally, when all of the rows are deformed, the entire specimen 
begins stretching together, with all cells assuming a similar deformed 
shape, as shown in Fig.  9e.

The force–displacement behaviour of a unit cell is shown schemat-
ically in Fig.  10. The up-down-up force–displacement behaviour is 
indicative of a propagating instability phenomenon [36]. According to 
the Maxwell construction [32,33] the force required to propagate the 
unit cell deformation along the length of the sheet, 𝐹𝑝𝑏, is obtained by 
ensuring the area below the force–displacement curve, as shown by the 
red dashed area (1) in Fig.  10, is equal to that below the constant 𝐹𝑝𝑏, 
as shown by the blue shaded area (2) in Fig.  10. The propagation force 
5

(Maxwell load), 𝐹𝑝𝑏, is therefore obtained by computing the integral 

∫

𝛿max

0

(

𝐹 − 𝐹𝑝𝑏
)

𝑑𝛿 = ∫

𝜀max

0

(

𝐹 − 𝐹𝑝𝑏
)

𝑑𝜀 = 0 (9)

Solving for the dimensionless propagation force, 𝐹𝑝𝑏: 

𝐹𝑝𝑏 =
𝐹𝑝𝑏
𝑓𝑦𝑡𝑠2

= 𝜋𝜓
(

2𝜓 +
√

1 + 4𝜓2
)

(10)

where the small elastic region (𝛿 < 𝛿1) has been neglected to sim-
plify the calculation. We assume the propagation load computed using 
Eq. (10) scales linearly with the number of unit cells in parallel, 𝑛𝑥. 
Therefore the global force to propagate deformation along a ribbon 
Kirigami sheet is: 

𝐹𝑔 = 𝑛𝑥𝐹𝑝𝑏 ⟶ 𝐹𝑔 =
𝐹𝑝𝑏
𝑛𝑥

=
𝐹𝑝𝑏
𝑛𝑥𝑓𝑦𝑡2𝑠

(11)

Fig.  11 shows a schematic force–displacement graph of the global 
ribbon Kirigami under tensile load in the anti-symmetric buckling mode 
(see Fig.  3). This looks qualitatively similar to the force–displacement 
behaviour of the unit cell, shown in Fig.  10. However, the plateau 
region (between 𝛥2 and 𝛥3) has a force equal to 𝐹𝑔 = 𝑛𝑥𝐹𝑝𝑏. The 
peak force, 𝐹𝑝, is highly imperfection sensitive and we therefore do not 
attempt to compute this.

Conducting an experiment, or finite element analysis, of a single 
unit-cell is not feasible due to the influence of boundary conditions. 
This issue is evident from Fig.  3. Notice that the top/bottom of each 
unit cell rotates during deformation. It would be extremely difficult 
to accurately replicate these boundary conditions experimentally, or 
in finite element analysis, and would require making assumptions 
about the evolution of the boundary conditions which would have a 
significant influence on the results. Therefore, we compare analytical 
model predictions of global mechanical behaviour with the results of 
finite element analysis.

Fig.  12(a) compares the finite element results with the propaga-
tion load, 𝐹𝑔 , demonstrating good agreement. A large finite element 
parametric study was performed with geometries spanning 𝜓 = 0.04



Thin-Walled Structures 212 (2025) 113127S. Khalilzadehtabrizi et al.
Fig. 11. (a) Schematic of a typical Force–Displacement graph depicting the behaviour of ribbon Kirigami under tensile load. The plateau force 𝐹𝑔 = 𝑛𝑥𝐹𝑝𝑏. (b) Assuming 𝐴1 ≥ 𝐴2
leaves the shaded area in (a) as a lower bound on the total energy dissipated.
Fig. 12. (a) Force–displacement graphs from finite element analysis of specimen with 
𝐿 = 60 mm, 𝑤ℎ = 6 mm, 𝐿𝑦 = 5 mm, 𝑛𝑦 = 10, 𝑡𝑠 = 1 mm and 𝑛𝑥 = 1, 2, 3, 4 and 5 
compared to the global force to propagate deformation along a ribbon Kirigami sheet, 
𝐹𝑔 , (Eq. (11)) shown as dashed lines. (b) Plot of the dimensionless global propagation 
force, 𝐹𝑔 , computed using Eq. (11) for 0.04 ≤ 𝜓 ≤ 0.25 and compared to finite element 
analysis showing good agreement.
6

Fig. 13. Force–displacement plots obtained from finite element analysis for 𝐿 = 60 mm, 
𝑤ℎ = 6 mm, 𝐿𝑦 = 5 mm, 𝑛𝑥 = 2 and 𝑡𝑠 = 1 mm with 𝑛𝑦 = 10, 15, 20, 25 and 30 compared 
to the kinematic maximum extension (Eq. (12)) shown as dashed lines.

to 𝜓 = 0.25 and thicknesses ranging from 0.6 to 1.2 mm. The results 
of the parametric study are plotted in dimensionless form in Fig. 
12(b) showing good agreement with Eq. (11). To obtain 𝐹𝑔 from finite 
element analysis the minimum force between 𝛥2 and 𝛥3 (see Fig.  11) 
was used.

To compute the maximum global displacement, 𝛥𝑚𝑎𝑥, we assume 
all unit cells along the length are at their maximum extension, 𝛿𝑚𝑎𝑥 =
2𝐿𝑦𝜀𝑚𝑎𝑥, and multiply this by the number of unit cells in series, 𝑛𝑦: 

𝛥𝑚𝑎𝑥 = 𝑛𝑦𝛿𝑚𝑎𝑥 = 𝑛𝑦𝐿𝑦

(
√

4𝜓2 + 1
𝜓

− 2

)

(12)

Note that this neglects the influence of boundary conditions. It can 
be observed in Fig.  12(a) that as the number of unit cells across the 
width (𝑛𝑥) increases, while keeping 𝑛𝑦 the same, the stretching capacity 
gradually decreases. This reduction in stretching capacity is due to the 
boundary conditions imposed by the top and bottom grips. Therefore, 
for Eq. (12) to be accurate the ratio 𝑛𝑦∕𝑛𝑥 should be sufficiently large 
to minimise the influence of the boundary conditions.

In Fig.  13 𝛥𝑚𝑎𝑥, shown by the dashed lines, is compared to finite 
element analysis. Eq.  (12) provides a good estimate of the ultimate 
stretching capacity of the Kirigami sheet.

The energy dissipated by the extension of the Kirigami sheet can 
finally be computed. By assuming the area 𝐴 ≥ 𝐴 , as shown in Fig. 
2 1
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11(b), the shaded rectangular area (𝐹𝑔 ⋅𝛥max) in Fig.  11(a) represents a 
lower bound on the maximum total energy dissipated by the Kirigami 
sheet. In dimensionless form, the maximum energy dissipated is:

�̄�𝑔 =
𝑈𝑔

𝑛𝑥𝑛𝑦𝑓𝑦𝐿𝑦𝑡𝑠2
=

𝐹𝑔𝛥𝑚𝑎𝑥
𝑛𝑥𝑛𝑦𝑓𝑦𝐿𝑦𝑡𝑠2

= 2 ̄𝐹𝑝𝑏𝜀𝑚𝑎𝑥

= 2𝜋𝜓
(

2𝜓 +
√

1 + 4𝜓2
)

(
√

4𝜓2 + 1
2𝜓

− 1

)

= 𝜋 (13)

For the design of an energy dissipating device there are three key 
parameters: the plateau load, 𝐹𝑔 , given by Eq. (11); the maximum 
extension, 𝛥𝑚𝑎𝑥, given by Eq. (12); and the energy dissipation require-
ment, 𝑈𝑔 , given by Eq. (13). A design must balance these parameters 
to meet the system requirements. The analysis presented above is 
compiled into a design methodology in the next section, followed by 
an example of its use for the design of a fall arrest system.

5. Design process for metallic ribbon Kirigami

For design the application requirements consist of a minimum en-
ergy dissipation requirement, 𝑈𝑟𝑒𝑞 , a maximum arrest force (maximum 
force transmitted across the device), 𝐹𝑟𝑒𝑞 , and a maximum extension, 
𝛥𝑚𝑎𝑥,𝑟𝑒𝑞 . The displacement demand, 𝜌, is obtained by taking the ratio 
of the energy dissipation requirement, 𝑈𝑟𝑒𝑞 , and the required arrest 
force 𝐹𝑟𝑒𝑞 . We then set this equal to the maximum global displacement 
(Eq. (12)): 

𝜌 =
𝑈req
𝐹req

= 𝑛𝑦𝐿𝑦

(
√

4𝜓2 + 1
𝜓

− 2

)

≤ 𝛥𝑚𝑎𝑥,𝑟𝑒𝑞 (14)

If 𝜌 > 𝛥𝑚𝑎𝑥,𝑟𝑒𝑞 the application requirements must be reviewed because 
a device which meets all three requirements is not possible. Taking the 
undeformed length of the device as 𝐿0 = 2𝑛𝑦𝐿𝑦 and solving Eq. (14) 
for 𝜓 we obtain: 

𝜓𝑟𝑒𝑞 =
𝐿0

2
√

2𝐿0𝜌 + 𝜌2
< 2

3
(15)

Thus by choosing an undeformed length, 𝐿0, and using the energy and 
arrest force requirements, we obtain the required 𝜓 .

By selecting the material yield stress, 𝑓𝑦, and plate thickness, 𝑡𝑠, the 
required number of unit cells across the width, 𝑛𝑥, is calculated using 
Eq. (11) by setting 𝐹𝑟𝑒𝑞 = 𝐹𝑔 : 

(𝑛𝑥)𝑟𝑒𝑞 =
𝐹req

𝜋𝑓𝑦𝑡2𝑠𝜓
(

2𝜓 +
√

1 + 4𝜓2
) (16)

Note that the system can consist of multiple layers, with layers arranged 
parallel to each other. For example, if (𝑛𝑥)req = 4 two layers with 𝑛𝑥 = 2
could be used instead of a single layer with 𝑛𝑥 = 4. This does not have 
an effect on the analytical model predictions since the behaviour varies 
linearly with 𝑛𝑥.

A total cross-sectional area of 𝑛𝑥𝑤ℎ𝑡𝑠 links each row of unit cells. 
The link width, 𝑤ℎ must be selected to ensure the Kirigami does not 
yield before the arrest force is reached: 

𝑤ℎ >
𝐹𝑟𝑒𝑞
𝑓𝑦𝑡𝑠𝑛𝑥

(17)

It is desirable to take 𝑤ℎ significantly larger than the minimum 
value to improve robustness. Since we now have 𝑤ℎ and 𝜓𝑟𝑒𝑞 , 𝐿𝑦 is 
obtained from the definition 𝜓 = 𝐿𝑦∕(𝐿 − 2𝑤ℎ) by choosing the unit 
cell width 𝐿 = 𝐿𝑥 +𝑤ℎ: 
𝐿𝑦 = 𝜓𝑟𝑒𝑞(𝐿 − 2𝑤ℎ) (18)

Finally, since 𝐿0 = 2𝑛𝑦𝐿𝑦 the required number of rows is: 

(𝑛𝑦)𝑟𝑒𝑞 =
𝐿0
2𝐿𝑦

(19)

and all the key system parameters have now been determined. The 
design approach is summarised in Fig.  14. This approach is now applied 
to the design of a fall arrest system.
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Fig. 14. Flowchart for the design of ribbon Kirigami-based tension energy-dissipating 
devices.

6. Design of a fall arrest system

Falls from height are the largest contributor to injuries and fatalities 
in the construction industry [37]. To address this the use of personal fall 
arrest systems is required in situations where falls cannot be prevented 
through other means [38]. In this section, we design a fall arrest 
system in accordance with BS EN 363 [39], BS EN 364 [40], and BS 
EN 355 [41] to practically demonstrate use of the proposed design 
methodology.

According to BS EN 364, the system must be capable of absorbing 
the energy of a 100 kg mass dropped from a height of 4 m, which 
translates to an energy dissipation requirement of 𝑈𝑟𝑒𝑞 = 3924𝐽 . The 
maximum arrest force specified by BS EN 363 is 6000 𝑁 . However, 
𝐹𝑟𝑒𝑞 = 5000𝑁 is used to provide a margin for variation in the properties 
of the device.

Using Eq. (14), the displacement demand: 

𝜌 = 3924
5000

≈ 785 mm (20)

We choose the initial device length of 𝐿0 = 300 mm. Using Eq. (15) we 
find the required 𝜓 : 

𝜓𝑟𝑒𝑞 =
125

2
√

188679
≈ 0.144 < 2

3
(21)

According to BS EN 355 the maximum extension 𝛥𝑚𝑎𝑥,𝑟𝑒𝑞 = 2𝐿0+1.75 m. 
The displacement condition in Eq. (14): 𝜌 = 3924

5000 < 2(300) + 1750 =
2350  mm; therefore the system is viable.
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Fig. 15. Schematic drawing of the proposed fall arrest system energy absorber.
For this application we select a mild steel plate with a yield stress 
𝑓𝑦 = 355 MPa and thickness 𝑡𝑠 = 1.4 mm. The required number of unit 
cells across the width, (𝑛𝑥)𝑟𝑒𝑞 , is obtained using Eq. (16): 

(𝑛𝑥)req =
𝐹req

𝜋𝑓𝑦𝑡2𝑠𝜓
(

2𝜓 +
√

1 + 4𝜓2
) ≈ 12 (22)

Six layers with 𝑛𝑥 = 2 are selected, as shown in Fig.  15.
According to Eq. (22), 𝑤ℎ must be sufficient to ensure that the total 

cross-sectional area of the links can transfer the force between the rows. 
Therefore, 

𝑤ℎ >
5000

355 × 1.4 × 2
= 2500

497
≈ 5 mm (23)

However, instead of 5 mm, a width of 𝑤ℎ = 10 mm is selected, resulting 
in links that are twice as strong for force transfer improving robustness.

An overall device width of 𝑊 = 120 mm is chosen. With the 
selection of six layers and 𝑛𝑥 = 2, the unit cell width is given as 
𝐿 = 𝑊 ∕𝑛𝑥 = 60 mm. The parallel cut spacing, 𝐿𝑦, can now be calculated 
from Eq. (18): 
𝐿𝑦 = 𝜓

(

𝐿 − 2𝑤ℎ
)

≈ 5.7mm (24)

Finally, the required number of rows is obtained using Eq. (19): 

(𝑛𝑦)𝑟𝑒𝑞 =
300
2(5.7)

≈ 27 (25)

To summarise all design parameters: 𝐿𝑦 = 5.7 mm, 𝑛𝑦 = 27, 𝑛𝑥 = 2
(two layers), 𝐿 = 60 mm, 𝑤ℎ = 10 mm, 𝑓𝑦 = 355 MPa, 𝑡𝑠 = 1.4 mm, and 
𝐿𝑥 = 𝐿−𝑤ℎ = 50 mm. The proposed fall arrest system energy absorber 
is shown in Fig.  15.

The predicted force–displacement behaviour for one layer of the de-
signed fall arrest system, characterised by the maximum displacement 
𝛥max and arrest force 𝐹𝑔 defined in Eqs.  (11) and (12) respectively, is 
depicted by the dashed lines in Fig.  16. This is compared to a non-linear 
static finite element analysis showing good agreement.

7. Conclusions

In this study Kirigami techniques were used as the basis for metal-
lic energy dissipating devices acting in tension. The ribbon Kirigami 
pattern, in the anti-symmetric deformation mode, was used due to its 
ability to accommodate extremely large strains. This unique charac-
teristic makes it ideal for use as a tensile energy-absorbing device. 
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Fig. 16. Predicted force–displacement behaviour of one layer of the designed fall arrest 
system compared to finite element analysis showing good agreement.

The behaviour of metallic ribbon kirigami was characterised using a 
combination of reduced-order analytical modelling, a finite element 
analysis parametric study, and experimental validation, all showing 
very good agreement. Findings reveal that the behaviour of metallic 
ribbon Kirigami is governed by a single dimensionless parameter, 𝜓 , 
which is related to the geometry of the unit cell.

A straightforward design methodology was proposed which pro-
duces the device geometry and cut pattern which meets specified 
requirements for the total energy dissipated, force transmitted through 
the device, and maximum extension. As a case study the methodology 
was applied to the design of a fall arrest system energy absorber. 
Metallic kirigami offers a simple and versatile method to manufacture 
tensile energy dissipating devices with a wide range of applications.
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