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A B S T R A C T   

The ribbon kirigami pattern has garnered significant attention over the past decade because of its interesting 
geometric and mechanical properties such as extreme elongation and high ductility, making it a viable choice for 
various applications such as developing medical devices and flexible electronics. Despite the promising prospects 
of this type of morphing structure, its deformation mechanism and sensitivity to materials properties and geo-
metric parameters have remained largely unexplored. Here we take a computational approach to studying the 
deformation process and ductility of a typical ribbon kirigami metastructure. To this end, the deformation 
process is divided into various stages. We demonstrate the existence of a certain threshold of the process at which 
the deformation behavior starts to be dominated by the properties of the constituent material, after the initial 
geometric-design-dominated stages. This turning point, called the design–material transition (DMT) threshold, 
determines a key limit in the deformation capacity of such metastructures for practical applications. Based on the 
introduced deformation mechanism, an elongation prediction model is derived for the metastructure, followed 
by conducting experiments to validate the accuracy of the model. Furthermore, a genetic algorithm and an 
interior-point method are utilized to develop an efficient algorithm for the optimization of the geometric pa-
rameters of the kirigami pattern. We anticipate that the findings of this study open a path to engineering 
functional kirigami patterns for the design and fabrication of highly ductile shape-shifting structures.   

1. Introduction 

Over the past few decades, shape-shifting structures have signifi-
cantly attracted the attention of research communities across various 
branches of science and engineering [1–14]. Particularly, the ancient 
arts of origami and kirigami have been applied to designing a wide range 
of shape-shifting structures and systems [15–28]. Origami is generally 
used as a technique to transform flat sheets of material into complex 
three-dimensional structures by folding along carefully designed crease 
lines [29–33]; this results in the development of structures with tailored 
geometric and mechanical properties, exemplifying a remarkable syn-
ergy between form and function in engineering design [34–38]. There is 
a wide range of approaches to designing origami crease patterns, 
including numerical methods based on computational geometry 

[39–46], group-theoretic techniques [47–51], and optimization-based 
approaches [52,53]. 

Kirigami is a variation of origami in which the designer is allowed to 
cut the paper in addition to folding it. It is conventional to create two- or 
three-dimensional kirigami-inspired structures by cutting slits [6,54,55] 
on flat sheets of materials, while the formed strips allow for further 
deformation of the structure. It has been found that, in many cases, it is 
unnecessary to maintain the integrity of the material face, which enables 
designers to develop structures with a range of interesting properties 
such as negative Poisson’s ratio [56–59], ultra-high ductility [60,61], 
and programmability [62–64]. Notably, such a relatively simple fabri-
cation method of cutting slits into planar sheets of material has recently 
led to the creation of complex, programmable patterns on the nanometer 
scale [65,66]. 
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In general, kirigami structures can be classified into five types [65]: 
fractal-cut kirigami [64,67–69], ribbon kirigami [3,70], lattice kirigami 
[71,72], zigzag kirigami [73], and closed-loop kirigami [74] (Fig. 1a). 
Among them, in the last decade, ribbon kirigami structures have 
received particular attention because of their interesting geometric 
characteristics and ultra-high ductility (Fig. 1b). More specifically, to 
improve structural ductility, ribbon kirigami patterns have been intro-
duced into the design of different material systems such as graphene 
[75,76], metallic glasses [77–79], nanocomposites [80], thermoset 
shape-memory polyurethane [81], and MoS2 [82]. At an applied level, 
ribbon kirigami structures have been used in stretchable batteries 
[83–86], soft machines [87,88], optical tracking systems [89,90], 
building skins [64,91], and wearable and implantable devices [92,93]. 
Inspired by the studies of Lamoureux et al. [89] and Tang et al. [64], 
Fig. 1c illustrates a smart curtain system exploiting the ductility of a 
ribbon kirigami structure equipped with flexible photovoltaic panels. 
When sunlight shines on the curtain, the photovoltaic panels convert it 
into electrical energy. The generated electricity can power the actuating 
device, thereby controlling the curtain to align the panels vertically with 
the sunlight and achieve maximum power generation efficiency. In 
addition, the curtain system can meet different lighting requirements by 
adjusting the amount of sunlight. 

Having such a wide range of potential applications, understanding 
and exploiting the mechanical properties of ribbon kirigami structures 

have been of particular interest over the past few years. Han et al. [94] 
proposed a critical force prediction model based on the beam deflection 
theory and introduced a force concentration parameter to predict the 
nominal ultimate force of kirigami metallic glasses. Moshe et al. [95] 
presented a geometric approach to the mechanics of perforated thin 
elastic sheets and introduced a kirigami design principle to selectively 
relax stresses in elastic materials. Chen et al. [96] proposed a finite 
element analysis (FEA) approach to obtaining the apparent elastic limit 
of kirigami metallic glasses, providing a flexible method to analyze their 
mechanical properties. Isobe and Okumura [97] used the Landau theory 
of continuous thermodynamic transitions to analyze the behavior of 
kirigami structures, demonstrating that their mechanical response can 
be explained using the tools of statistical physics. 

In this paper, we report the findings of a study on the ductility of a 
ribbon kirigami structure and the relationship between its geometric 
parameters and elongation behavior. We model the deformation 
mechanism of the kirigami structure as a multi-stage process. Moreover, 
the ending point of the fourth stage, defined as the design–material 
transition (DMT) threshold, is shown to be the limitation of deformation 
in practice. Besides, an elongation prediction model is derived based on 
the deformation mechanism. To verify the FEA results and prediction 
model, physical experiments are designed and conducted. In addition, a 
genetic algorithm (GA) and the interior-point method (IP) are used to 
develop a geometric design optimization algorithm considering 

Fig. 1. An overview of a range of conventional kirigami structures. (a) Classification of kirigami structures based on their fabrication methods (adapted from 
[65]). (b) A typical ribbon kirigami structure made of brass in two different deformation states. (c) Computer-aided artist’s impression of a smart curtain system 
capable of meeting different lighting and heating requirements by adjusting the amount of sunlight. 
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different design requirements. 

2. Results and discussion 

2.1. Deformation process 

A parallel-cut kirigami pattern composed of n units is presented in 
Fig. 2a, where three parameters a, b, and c determine the geometry of 
the unit. Dias et al. [98] showed that thickness has a negligible effect on 
the deformation response of ribbon kirigami mertastructures; thus, 
thickness is not included as a geometric parameter in this study. Here we 
consider a base model with a=32.5 mm, b=10 mm, c=2.5 mm, and n=8. 
This model is constructed from Q235 steel, the material properties of 

which are provided in Section 2.4. Using finite element analysis (FEA), 
the deformation process can be delineated into six different stages 
(Fig. 2b), described below as stages S1 to S6. Furthermore, Fig. 2c shows 
the stress response of the structure at stages S2, S3, S4, and S5, obtained 
from the FEA simulations. 

S1: Strain-energy accumulation stage. The ribbon kirigami structure 
experienced in-plane deformation with displacement loading, while 
stress concentration occurred at the hub-strip connections. The external 
force did work on the structure, transforming into strain energy accu-
mulated at the connections. At this stage, strains were mainly elastic, 
and the model could return to its original state after the external force 
was removed. 

S2: Strain-energy release stage. The strain energy was released as 

Hub

Strips

Fig. 2. Modeling and behavior analysis of a typical ribbon kirigami metastructure. (a) Geometric model. (b) Deformation process of the ribbon kirigami 
structure made of Q235 steel simulated using FEA. (c) Stress response of the ribbon kirigami structure at stages S2, S3, S4, and S5, obtained from the FEA simulations. 
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displacement increased. When the hub-strip connections reached the 
yield stress, they entered the yielding stage, and the subsequent plastic 
deformations in the yielding areas enhanced the rotational capacity of 
the strips. Besides, the release of strain energy diminished the stresses 
around the hubs, thereby leading to the reduction of the resultant force. 

S3: Deformation development stage. The structure showed ultra-high 
ductility and quasi-zero stiffness at this state. As can be seen from 
Fig. 2c, the strips rotated with increasing displacement, whereas the 
hubs started to warp out of the tensile plane. As displacement increased, 
the angles between the strips and the xy-plane gradually increased. At 
this stage, the rotation of the strips dominated the deformation, resulting 
in a constant resultant force with displacement loading, as shown in 
Fig. 2b. 

S4: Rotation stage. With the displacement increasing, the rotational 
capacity of the plastic hinges could not meet the rotation of the strips. As 
a result, the plastic zone expanded at the hubs to improve the rotational 
capacity of the structural elements. In the initial stages of loading, the 
strip was aligned parallel to the x-axis. As displacement was applied, the 
strips rotated around the hub joints, eventually becoming parallel to the 
y-axis (i.e., the projected angles between the strips and the hubs in the 
yz-plane reached 90◦). It was worth noting that the first four stages 
dominated the deformation process of the ribbon kirigami structure, as 
can be seen in Fig. 2b. 

S5: Material performance stage. After the first four stages of rotation, 
the strips turned vertical; thus, the deformation capacity derived from 
the geometric design reached maximum. At this stage, the properties of 
the constituting material began to dominate the deformation behavior of 
the structure. As the displacement increased, the angles between the 
strips and the xy-plane decreased, while the angles between the strips 
and the hubs increased. In addition, the elastic stress in the strips 
increased, leading to an almost linear force–displacement curve. 
Furthermore, the plastic areas entered the strengthening phase, with the 
hubs fracturing as the stress reached the ultimate tensile strength. At this 
stage, the elastic strain of the strips dominated the deformation of the 
structure, resulting in a constant overall stiffness. 

S6: Fracture development stage. Following the emergence of the 
fracture location, the structure underwent stress redistribution, while 
the resultant force decreased sharply. With the displacement increasing, 
the structure tended to form another fracture location, and subse-
quently, it exhibited the same properties as the fifth stage. 

2.2. Design-material transition (DMT) threshold 

From the previous section, we can observe that the deformation in 

the first four stages is mainly due to the elongation caused by the rota-
tion of the strips. At the end of the fourth stage, the rotation of the strips 
ceases, and they become parallel to the y-axis. Therefore, the maximum 
elongation in the first four stages predominantly depends on the length 
of strips and hubs. Hence, it can be concluded that the deformation 
capacity of the structure in the first four stages of deformation is pri-
marily determined by the initial geometric design parameters. As illus-
trated in Fig. 3, the results of FEA also show that the displacement ranges 
corresponding to the third and fourth stages are qualitatively similar. 
However, the figure also reveals that the deformation responses of 
different structures exhibit significant differences in the fifth stage, 
implying that they are heavily reliant on the properties of the constit-
uent materials after the fourth stage. According to FEA results, the 
plastic deformation region is tiny and primarily concentrated at the 
hubs. This observation is in agreement with the findings of a recent 
study [79] showing that the strain energy loss of the ribbon kirigami 
structure is insignificant. 

After removing the external force, the residual deformation is min-
imal and concentrated at the hubs. However, the strain energy loss and 
plastic deformation both substantially increase when the displacement 
reaches the fifth stage, leading to a drastic reduction in the deformation 
capacity. Thus, the ending point of the fourth stage is crucial for 
analyzing the deformation mechanism of ribbon kirigami meta-
structures, and we define it as the design-material transition (DMT) 
threshold. 

During the deformation process, plasticity mainly impacts the peak 
stress of stage S2 and the ductility of stage S5. The greater the yield 
strength (i.e., the stress at which plastic deformation begins) of the 
material, the higher the peak stress of stage S2. This can be corroborated 
by the force–displacement curves of five different elastoplastic materials 
in Fig. 3, where stainless steel has the highest yield strength and 
correspondingly the highest peak stress in stage S2. On the other hand, 
aluminium alloy 3003 (Al-3003), mild steel, and Q235 steel have close 
yield stresses, leading to nearly identical peak stresses in stage S2. 

Furthermore, the ultimate strain of the material (i.e., the strain 
corresponding to fracture) influences the development of stage S5. 
Importantly, the plastic deformation significantly increases in stage S5, 
which makes the structural deformability predominantly dependent on 
the plastic deformation capacity of the material. Taking stainless steel as 
an example, its limited ultimate strain (0.002) makes its structural 
plastic deformability extremely limited, resulting in poor ductility in 
stage S5. Therefore, the structure exhibits fracture after stage S4, mani-
festing as a substantial drop in force. 

To further validate the aforementioned analysis, we referred to the 

Fig. 3. Force-displacement curves of six geometrically identical ribbon kirigami metastructures made of different materials.  
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previous studies presented in [67,99] and conducted a simulation using 
polyester with an elastic material model. It is worth noting that in the 
elastic model, there are no plastic hinges formed during deformation, 
hence there is no differentiation between the first two stages. In other 
words, given that the boundary between stages S1 and S2 is determined 
by the local peak stress point, and as the elastic model does not include 
any yielding point, there will be no distinct boundary between the first 
two stages; therefore, they can be considered as a single stage S1+S2, as 
illustrated in Fig. 3. Notably, the DMT threshold in the elastic material 
model aligns well with that of the elastoplastic materials, confirming 
that the threshold mainly depends on the geometric design of the 
structure. 

2.3. Elongation prediction model 

From the discussion above, it can be concluded that the deformation 
capacity of ribbon kirigami metastructures is dominated by geometric 
parameters at the first four stages, whereas the choice of material has a 
relatively marginal impact. In particular, the DMT threshold is a critical 
turning point in the deformation process. 

Here, we aim to develop a prediction model for the elongation of a 
typical ribbon kirigami structure. To this end, a typical ribbon kirigami 
structure in its initial configuration is illustrated in Fig. 4a. The Geo-
metric parameters of this configuration are designated in Fig. 4b. 

Assuming a tensile loading is applied, the schematic of the structure in 
an elongated configuration is depicted in Fig. 4c along with its corre-
sponding geometric parameters. 

Despite the relatively simple geometry, the structure exhibits strong 
nonlinear deformation characteristics, posing significant challenges to 
its deformation prediction. To tackle these challenges, based on nu-
merical and experimental observations, we consider two assumptions 
that introduce slight errors but can considerably alleviate the difficulty 
of developing the prediction model. First, we neglect the curvature of 
the strips at the hub-strip connections, assuming the entire body of each 
strip is parallel to the yz-plane. Second, the change in the length of the 
two end parts after deformation, le, is neglected. Importantly, the first 
assumption, which overlooks the influence of curvature, tends to over-
estimate the predicted values when compared to the actual values. 
Conversely, the second assumption, by disregarding the elongation of 
the end parts, results in an underestimation. As a result, the errors from 
these two simplifications can partially counterbalance each other. More 
importantly, the length discrepancies caused by these errors are sub-
stantially smaller than the total length change of the structure. Addi-
tionally, Section 2.5 validates the accuracy of the prediction model 
through an experimental approach; therefore, these two approximations 
have a minimal impact on the precision of the predictive model. 

At the DMT threshold, the angle between the hubs and the xy-plane 
reaches its maximum value, defined as the critical angle θc, as shown in 

Fig. 4. Geometric analysis of a typical ribbon kirigami metastructure. (a) Initial configuration. (b) Geometric parameters of the initial configuration. (c) 
Geometric parameters of the structure in an elongated configuration. (d) The critical angle at the DMT threshold. 
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Fig. 4b. Furthermore, the strips are at 90◦ to the hubs. In addition, the 
projections of the strips on the xy-plane are parallel to the y-axis. The 
critical angle can be obtained from the geometric conditions as follows 

θc = tan− 1
(

a − b
3c

)

(1)  

X =
a − b

3c
(2)  

where the geometric ratio X is a dimensionless coefficient related to 
geometric parameters. 

The original length of the structure is L, while its length after 
deformation is L′, including the length of the end parts le, the projection 
length of the hubs H′, and the projection length of the strips D′. Since the 
deformation of the end units is neglected, le remains invariant. Based on 
Fig. 4, we can write 

L = (4n+ 1)c (3)  

L′ = D′ +H′ + le (4)  

The original length of a single hub h is 3c. Considering the warping of the 
hubs, the length of the projection of a single hub on the xy-plane, h′, is 

h′ = 3ccosθc (5)  

The number of hubs is 2n − 3, excluding the end hubs. Therefore, the 
total length of the hubs after deformation is 

H′ =
∑2n− 3

i=1
h′

i = 3c(2n − 3)cosθc (6)  

The original length of a single strip d is a − b. Considering the warping of 
the strips, the projection length of a single strip on the xy-plane, d′, is 

d′ = (a − b)sinθc (7)  

The number of strips is 2n − 2, excluding the end strips. Therefore, the 
total length of the strips after deformation is 

D′ =
∑2n− 2

i=1
d′

i = 2(n − 1)(a − b)sinθc (8)  

The length of the elongated ribbon kirigami is 

L′ = H′+D′ + le = 3c(2n − 3)cosθc + 2(n − 1)(a − b)sinθc + 8c (9)  

Thus, the elongation (δ) can be expressed as 

δ =
L′ − L

L
=

(7 − 4n) + 3(2n − 3)cosθc + 6X(n − 1)sinθc

4n + 1
(10)  

Since 

sinθc =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
X2

1 + X2

√

(11)  

Inserting Eq (11) into Eq (10) yields 

δ =
(7 − 4n) + 3(2n − 3)

̅̅̅̅̅̅̅̅
1

1+X2

√
+ 6(n − 1)X

̅̅̅̅̅̅̅̅
X2

1+X2

√

4n + 1
(12)  

The maximum elongation can be expressed as 

δmax = lim
n→∞

δ = 1.5(
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + X2

√
) − 1 (13)  

The variation of elongation (δ) with X and n is depicted in Figure S2 of 
the Supporting Information. Based on this figure and Eqs. (12) and (13), 
we note that the increase of elongation is insignificant when n>8. When 

X is fixed, the elongation tends to converge to a constant value as n 
approaches infinity. Importantly, increasing n is not an efficient way for 
improving elongation, because the elongation of the ribbon kirigami 
structure is determined by the ratio of geometric parameters, rather than 
individual values. 

2.4. Computational analysis 

The computational analysis of the deformation process of the ribbon 
kirigami metastructure was performed using Abaqus and Python. The 
tensile stretching direction was defined as the y-axis; the direction 
orthogonal to the y-axis in the stretching plane was taken as the x-axis; 
and the direction perpendicular to the stretching plane was considered 
the z-axis. One end of the model was fully constrained, whereas the 
other end was allowed to move in the y-direction. Two static analysis 
steps were set to load the model to prevent it from only deforming in the 
xy-plane and from bifurcating due to local buckling of the strips. First, 
equal and opposite initial displacement disturbances were applied at 
both ends of the hubs that were along the symmetry axis. The 
displacement disturbance was along the z-axis and was approximately 
0.1c. Then, the disturbances were removed, and the displacement 
loading along the y-direction was performed. The fixed end was 
restrained to simulate the boundary condition of the experiments. To 
ensure convergence, the geometric nonlinearity switch, Nlgeom, was 
activated. In all simulations, the models were discretized with 3D shell 
elements (S4R), where all element sizes were 1 mm. Furthermore, for all 
the models, Abaqus/standard was utilized to simulate the deformation 
process. 

In order to investigate the effect of material, various materials were 
used for the FEA model, while retaining the same geometric parameters. 
The material behavior of the ribbon kirigami was captured using an 
elastoplastic model (material models *ELASTIC and *PLASTIC in Aba-
qus). The material parameters for the various elastoplastic materials are 
summarized in Table 1. Moreover, given the findings reported in 
[67,99], we utilized polyester with an elastic model to investigate how 
plasticity influenced the deformation process of the ribbon kirigami 
metastructures. 

2.5. Experimental verification 

From the previous sections, it was found that the deformation 
response of the ribbon kirigami structure is primarily dominated by 
geometric parameters in the first four stages, while the properties of 
constituent materials began to manifest their influence after the DMT 
threshold. 

Experimental models were fabricated from sheet metals by laser- 
cutting (Fig. 5A(a-b)). Tensile experiments (Fig. 5A(b-c)) were con-
ducted to verify the accuracy of the prediction model and the results of 
finite element analyses. Three groups of experiments were designed and 
conducted, the results of which are summarized in Table 2. The exper-
imental models were made of brass, stainless steel, and Al-3003, and 
experiments were conducted on a universal tester (Zwick/Roell Z250), 
as shown in Fig. 5B. 

It is important to note that the deformation of the end parts and the 
elastic strain of the entire structure were neglected in the development 
of the prediction model. Consequently, the prediction values are slightly 
lower than the experimental and FEA results, as can be seen from the 
values in Table 2. It is also worth noting that the ultimate strain of 
stainless steel 304 is very small (around 0.002), which makes the fifth 
stage of the deformation process negligible, as shown in Fig. 3. Conse-
quently, the elongation at the onset of fracture of the structure can be 
approximated by the value at the DMT threshold, which led to a negli-
gible error between the experimental and predicted values. On the other 
hand, the ultimate strains of brass and Al-3003 are non-negligible, the 
elastic strains of which result in relatively higher error values. Overall, 
the prediction model offers a reasonably accurate and flexible method 
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for predicting the elongation of the ribbon kirigami structure. 

2.6. Geometric design optimization 

In the design and fabrication of kirigami structures, it is often desired 
to use a minimal amount of material while achieving maximum elon-
gation. Therefore, it is important to optimize the geometric design pa-
rameters of such structures. Based on the parameters of Fig. 2a, we can 
describe the amount of material S as follows 

S = 8acn + 16bcn + 4bc (14)  

Here we consider two different optimization scenarios that could have 
practical implications for the design and manufacturing of such 
morphing structures. The first scenario is to maximize elongation while 

Table 1 
Mechanical properties of different elastoplastic materials.  

Material Density (g/cm3) Tensile strength (MPa) Modulus of elasticity (GPa) Poisson’s ratio Yield strength (MPa) Ultimate strain 

Steel (Q235)  7.85 400 210  0.30 235  0.200 
Al-3003  2.70 324 70  0.33 276  0.200 
Brass  8.33 454 109  0.30 104  0.359 
Mild steel  7.85 400 200  0.26 200  0.200 
Stainless steel  7.85 670 193  0.30 300  0.002  

Fig. 5. (A) Schematic representations of the (a-b) fabrication and (b-c) testing processes of a typical ribbon kirigami specimen. (B) Tensile testing of ribbon kirigami 
specimens made of (a) Al-3003, (b) stainless steel, and (c) brass. 

Table 2 
Experimental results of tensile testing and their comparison with the corre-
sponding results from the FEA and prediction models.  

Material Experiment FEA Prediction Error 
(FEA) 

Error 
(prediction) 

Al-3003  550.31 %  544.23 %  522.06 %  1.11 %  5.13 % 
Brass  554.85 %  535.16 %  522.06 %  3.55 %  5.91 % 
Stainless 

steel  
536.36 %  531.16 %  522.06 %  0.98 %  2.74 %  
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keeping the material volume fixed, which can be expressed as 

Min
a,b,c∈ℝ, n∈ℤ

−
7 − 4n + 3(2n − 3)

̅̅̅̅̅̅̅̅
1

1+X2

√
+ 6(n − 1)X

̅̅̅̅̅̅̅̅
X2

1+X2

√

4n + 1
, where X =

a − b
3c  

s.t. 8acn + 16bcn + 4bc − S = 0, a, b, c, n > 0 (15)  

The second optimization scenario is to minimize the material volume 
while maintaining a fixed elongation; this problem can be formulated as 

s.t.
7 − 4n + 3(2n − 3)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

1 + X2

√

+ 6(n − 1)X
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

X2

1 + X2

√

4n + 1
− δ = 0,

where X =
a − b

3c
, a, b, c, n > 0

(16)  

Min
a,b,c∈ℝ, n∈ℤ

8acn + 16bcn + 4bc  

In practice, the range and accuracy of manufacturing and machining 
processes are limited. As a result, it is necessary to introduce lower 
bounds and upper bounds for the unknowns a, b, c, and n, as follows 

lb1⩽a, b, c⩽ub1 and lb2⩽n⩽ub2 (17)  

where lb1 and lb2 are the lower bounds, and ub1 and ub2 are the upper 
bounds. 

The optimization problems (16) and (17) are Mixed-integer 
Nonlinear Programming (MINLP) problems. From the formulations 
above, one can observe that the derivatives with respect to a, b, and c are 
so complicated that calculating them may have a heavy computational 
cost. Moreover, n is a positive integer the derivative of which does not 
exist. Consequently, derivative-based optimization algorithms cannot be 
used to solve this problem. Furthermore, considering the complexity of 
expression δ, heuristic algorithms are prone to converging to local rather 
than global optima. To address these issues, we propose an algorithm 
employing an exhaustive approach that integrates both genetic algo-
rithms and interior point methods, demonstrating considerable adapt-
ability in parameter optimization for ribbon kirigami structures. Further 
details of this algorithm are elaborated in Section S1 of the Supporting 
Information. 

As an example, here we consider the optimization problem (16) to 
demonstrate the performance of the proposed optimization algorithm. 
Given δ = 30, 0.01 < a, b, c < 100, and 1 < n < 100, the global mini-
mum of S, denoted by S*, can be found using the abovementioned 
method as follows 

a* = 1.365, b* = 0.01,
c* = 0.01, n* = 2,

and S* = 0.222
(18)  

where the parameters with the symbol ‘*’ designate the optimal values 
of the corresponding parameters. The presented algorithm was 
compared with the standard genetic algorithm as described in Section S2 
of the Supporting Information, demonstrating its higher level of accu-
racy and efficiency in optimizing the parameters of ribbon kirigami 
metastructures. Moreover, the optimization algorithm can provide 
optimal values of the geometric parameters of the ribbon kirigami 
structure with various numbers of units, as summarized in Table 3. 

The proposed algorithm provides an efficient approach to optimizing 
the geometric parameters of the ribbon kirigami structure to meet 
different requirements. 

3. Conclusions 

This work investigated the deformation mechanism of a typical rib-
bon kirigami metastructure by using numerical and experimental 
methods. We showed that following an initial phase dominated by the 

geometric design specifications of the ribbon kirigami pattern, there 
existed a turning point, called the design–material transition (DMT) 
threshold, after which the deformation behavior was dominated by the 
properties of the constituent material. Importantly, from an engineering 
design point of view, the DMT threshold determines a key limit in the 
deformation capacity of such metastructures for practical applications. 
Drawing upon this deformation model, an elongation prediction model 
was established, followed by experimental investigations to validate the 
accuracy of the model. 

The findings of this study demonstrated that the enhancement of 
elongation through increasing the number of units is limited. In addi-
tion, numerical optimization methods were introduced to develop a 
geometric parameter optimization algorithm in conjunction with the 
actual manufacturing requirements. Using the proposed optimization 
framework, designers can obtain the optimal geometric parameters 
given a set of constraints and requirements. 

This work provided insights into the structural mechanics of ribbon 
kirigami metastructures. Future work in this area could consider more 
complex geometric patterns with potentially enhanced mechanical 
properties such as a higher level of ductility. It is anticipated that the 
results of this study open a path to engineering functional kirigami 
patterns for the design and fabrication of highly ductile shape-shifting 
structures. 
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Table 3 
Optimal geometric parameters for n=5 to 10.  

n … 5 6 7 8 9 10 … 

a …  0.8133  0.7765  0.7520  0.7345  0.7213  0.7111 … 
b …  0.0100  0.0100  0.0100  0.0100  0.0100  0.0100 … 
c …  0.0100  0.0100  0.0100  0.0100  0.0100  0.0100 …  
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