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Abstract

Kirigami technology is a method of controlling material properties, by introducing
different geometric configurations to transform ordinary traditional materials into
mechanical metamaterials with specific properties. While the inner concave kirigami
structure has been a widely studied object, this paper applies it to graphene materials
and then investigates the effect of different parameters on the negative Poisson's ratio
of the inner concave hexagonal structure using molecular dynamics simulation
algorithms. This research is helpful in exploring the properties and applications of this
structure in graphene materials, providing new ideas and methods for research and
practice in related fields. The simulation results found that the diagonal ribs are the key
factor that determines whether a negative Poisson's ratio can be generated. When the
diagonal ribs become longer, the auxetic behavior of the structure will increase, and
when the diagonal ribs become thicker, the auxetic behavior of the structure will weaken.
The findings of this work provide important references and inspirations for future
research and practice.
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1. Introduction

Metamaterials are a type of artificially manufactured materials, whose physical properties are
determined by their microstructure rather than the composition of the material itself. The design
flexibility of metamaterials is very high, and materials with specific properties can be designed
according to actual needs. Metamaterials have broad application prospects in the fields of optics,
electronics, mechanics, acoustics, and other fields [1,2]. Auxetic materials, also known as negative
Poisson's ratio materials, are a type of mechanical metamaterial that exhibit counterintuitive behavior.
The Poisson's ratio is named after the French physicist Siméon Denis Poisson and is mainly used to
measure the ratio of the Poisson effect of materials. It is also known as the lateral contraction
coefficient or the transverse strain ratio. The definition of Poisson's ratio is the negative ratio of
transverse strain to axial strain after stretching (or compressing). The formula is:

V= —&/¢g, (1)

Since the physicists Andre Geim and Konstantin Novoselov prepared two-dimensional graphene in
2004 [3,4], it has quickly become a hot topic in the field of materials science, especially in the
exploration of graphene auxetic behavior. The Young's modulus of monolayer graphene is about 1.02
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TPa, the strength is 123 GPa, and the Poisson's ratio is about 0.168 [5,6]. However, engineered
graphene can exhibit negative Poisson's ratio effects, such as heating, hydrogenation, folding, and
kirigami [7-10]. The deformation mechanism of kirigami materials can generally be divided into
several types: rotation unit deformation, rib bending deformation and chiral structure deformation.
This paper mainly explores the rib bending deformation of graphene, which causes the auxetic
behavior.
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Fig 1. (a) Positive Poisson's ratio two-dimensional deformation diagrams, (b) Negative Poisson's
ratio two-dimensional deformation diagram

Rib bending deformation often occurs in inner concave polygon structures. For inner concave
polygon structures, people first proposed the inner concave hexagonal structure, which is derived
from the hexagonal honeycomb structure [11,12]. The difference is that the left and right sides of the
inner concave hexagon are inner concave structures. As people's understanding of inner concave
structures deepens, they have successively proposed models such as the double-arrow inner concave
model and the star-shaped inner concave model based on their topological structure and the number
of concavities [13,14]. This article applies inner concave hexagonal structures to graphene and
analyze the negative Poisson's ratio effects of different structures.

2. Methods and Experimental Details

As shown in Figure 2(a), this paper adopts the method of replicating unit cell to establish the inner
concave hexagon model for the entire structure. There are four parameters that determine the
graphene kirigami model: the length L, height H, rib thickness t, and inner concave angle 6. After
replication, a 4x4 graphene kirigami model is generated as shown in Figure 2(b).
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Fig 2. Inner Concave Hexagon Structure
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This paper uses LAMMPS software to perform tensile simulations and output results for the graphene
kirigami model. Firstly, the boundary conditions are set to periodic boundary conditions. As the
Molecular Dynamics simulation results of the AIREBO potential function are consistent with
experimental data and density functional theory [15,16], and can more accurately simulate the
mechanical properties of graphene, this paper uses the AIREBO potential function to describe the
interactions between C-C atoms. The cut-off radius of the potential function is set to 2.0 [17-19]. The
Velocity-Verlet algorithm with a time step of 1 fs is used to integrate the Hamiltonian equations of
motion. Then, the designed graphene kirigami model is relaxed under NVT and NPT ensembles for
10 ps each. Finally, the graphene kirigami model is stretched under the NPT ensemble, during which
the relaxation occurs automatically. The NPT ensemble is used under periodic boundary conditions,
with a transverse pressure set to zero, to consider the Poisson's ratio effect during graphene stretching.

3. Results and Discussion

Before stretching the perforated graphene model, this article uses pre-written code to stretch perfect
graphene in order to verify the feasibility of the code and method.
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Fig 3. (a) tensile stress-strain curve of pristine armchair and zigzag graphene, (b) Poisson’s
ratio vs strain curve of pristine graphene

The Young's modulus is 0.9358 TPa, which is consistent with the experimental data of 1.0+0.1 TPa;
the fracture strength is 133.603 GPa, which is in line with the experimental result of 130+£10 GPa; the
fracture strain of 0.2313 also matches the experimental data of 0.2+0.05 [20]. By comparing with

previously reported experimental data and MD simulation results, it has been demonstrated that this
method and code are effective. see Fig. 3 and Table 1,

Table 1. Experimental data and simulation data of perfect graphene stretching

Numble Young's modulus Fracture strength Fracture strain €
E(Tpa) o(GPa)
Simulation data 0.9358 133.603 0.2313
Experimental data 1.0+0.1 130+10 0.2+0.05

As shown in Figure 4(a), the inner concave hexagonal graphene kirigami model exhibits clear auxetic
behavior within a strain range of 5%. Although this study stretches the model in the x direction, the
expansion in the y direction is much larger than that in the x direction. Therefore, the negative
Poisson's ratio value obtained from the model is smaller than -1. As shown in Figure 4(b), the stress
in the y direction increases significantly in the direction perpendicular to the tension. Stress
concentration occurs at the intersection of the diagonal ribs and the straight ribs, causing twisting of
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the diagonal ribs and generating a torque, while the straight ribs prevent the twisting from occurring.
This explains why the inner concave hexagonal structure exhibits auxetic behavior.
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Fig 4. Comparison of inner concave hexagonal graphene kirigami model before and after stretching

Figure 5 reveals the influence of different parameters on the simulation results. The model assumes
the unit height H to be 25 nm, length L to be 6 nm, thickness t to be 1.8 nm, and 0 to be 60°. The
results show that as the height H increases, the Poisson's ratio value also increases, and the
corresponding auxetic behavior decreases. As the length L increases, the Poisson's ratio value
decreases, and the auxetic behavior increases. As the angle 0 increases, the Poisson's ratio value
increases, and the auxetic behavior weakens. As the wall thickness t increases, the Poisson's ratio
value increases, and the auxetic behavior weakens. These results indicate that increasing the length
of the straight ribs prevents the model from bending deformation. Increasing the wall thickness
enhances the model's resistance to bending deformation. However, increasing the length of the
diagonal ribs makes the model more prone to bending deformation.
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Fig 5. The influence of structural parameters of different inner concave hexagon Kirigami on
Poisson's ratio
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4. Conclusion

In summary, this study investigated the influence of modeling parameters on the auxetic behavior of
inner concave hexagonal graphene kirigami models using molecular dynamics simulations. The study
suggests that when stretching the inner concave hexagonal graphene kirigami model, the applied
tension on the diagonal ribs is not on the same line, resulting in a torque and leading to auxetic
behavior. Therefore, the length of the diagonal ribs and the wall thickness are the primary factors
affecting the auxetic behavior of the model. When the length of the diagonal ribs increases, the
bending degree and the corresponding auxetic behavior also increase; when the wall thickness
increases, the resistance to bending deformation prevents the diagonal ribs from bending, resulting in
weakened auxetic behavior. These research findings provide guidance for the preparation and design
of graphene kirigami metamaterials.
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