
                          Han, T., Scarpa, F., & Allan, N. (2017). Super stretchable hexagonal
boron nitride Kirigami. Thin Solid Films, 632, 35-43.
https://doi.org/10.1016/j.tsf.2017.03.059

Peer reviewed version
License (if available):
CC BY-NC-ND
Link to published version (if available):
10.1016/j.tsf.2017.03.059

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Elsevier at www.sciencedirect.com/science/article/pii/S0040609017302547. Please refer to any applicable
terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1016/j.tsf.2017.03.059
https://doi.org/10.1016/j.tsf.2017.03.059
https://research-information.bris.ac.uk/en/publications/6202b9b7-b25c-4fee-85b7-c8adc6794e44
https://research-information.bris.ac.uk/en/publications/6202b9b7-b25c-4fee-85b7-c8adc6794e44


 

 1 

Super stretchable hexagonal boron nitride Kirigami 

Tongwei Han1*, Fabrizio Scarpa2*, Neil L. Allan3 

1School of Civil Engineering and Mechanics, Jiangsu University, Jiangsu Zhenjiang 212013, P. R. 

China 

2Advanced Composites Centre for Innovation and Science, University of Bristol, Bristol BS8 

1TR, UK 

3School of Chemistry, Cantock's Close, University of Bristol, Bristol BS8 1TS, UK 

Abstract Kirigami, the ancient Japanese art of cutting and folding paper at the macroscale, has 

been recently applied to produce nanostructures with unusual deformation mechanisms. In this 

work we analyse the mechanical properties and deformation mechanisms leading to remarkable 

stretching and bilinear stiffness in armchair and zigzag hexagonal boron nitride (h-BN) Kirigami 

nanosheets using classical molecular dynamics simulations. We identify three geometric 

parameters that govern the mechanics and ductility of Kirigami h-BN. Enhancements in tensile 

strains up to 3-5 times higher than those of pristine h-BN can be obtained. The variations of 

stiffness, ultimate strength and strain with the parameters defining the Kirigami defect patterns 

can be used to tune the mechanical properties of h-BN and other nano 2D structures, potentially 

expanding their applications in bio-compatible strain-engineered nanodevices and 

nanoelectronics. 
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1. Introduction 

Similar to graphene [1], hexagonal boron nitride (h-BN) [2-4] adopts a 2D 

nanostructure that has attracted significant interest in recent years due to its significant 

mechanical, electrical and chemical properties, and potential applications in 

nanotechnology [5-7]. The most distinctive advantages of BN nanomaterials over 

their carbon counterparts are that BN systems are electrically insulating [8, 9] and 

more stable at high temperature and in various chemical environments [10], combined 

with comparable levels of conductivity and mechanical performance [11-15]. Another 

important aspect of nano boron nitride systems is their bio-compatibility, which make 

them particularly suitable as active or passive nanoparticles for nanomedicine [16]. 

With this set of unique features, BN nanomaterials show great potential as 

components of nanoelectronic devices [17], functional nanocomposites [18, 19], 

hydrogen accumulators and other NEMS systems [20, 21]. Considerable efforts have 

been made to explore the mechanical properties of h-BN both from a theoretical and 

experimental point of view [15, 22, 23]. Similar to graphene, h-BN exhibits very high 

strength and stiffness values, with a Young’s modulus ranging from 0.79 TPa to 0.97 

TPa, and tensile strength between 120 GPa and 165 GPa [15]. However, the fracture 

strain of h-BN has been reported to lie between 0.13 and 0.27 (i.e., no more than 30%), 

which still limits the application of hexagonal boron nitride in strain-engineered 

nanodevices [24]. Developing approaches to enhance the ductility of 2D 

nanomaterials thus remains an open topic. The concept of Kirigami, an ancient 

Japanese art of cutting and folding paper, has been recently used to create complex 3D 
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multiscale structures [25-27], but also to pattern graphene experimentally into a 

variety of shapes including stretchable electrodes, springs, and robust hinges, which 

exhibit outstanding and tunable mechanical properties [28]. The Kirigami concept has 

also been applied to graphene and MoS2 films, and molecular dynamics simulations 

have investigated the effectiveness of the Kirigami approach to improve the ductility 

and decrease the brittleness of 2D nanomaterials [29, 30]. 

This paper shows how to obtain a remarkable stretching and mechanical bilinear 

behaviour in hexagonal boron nitride sheets by applying cut patterns. So far, the 

mechanical behavior of h-BN nano-Kirigami systems has not yet been studied. The 

mechanical properties and deformation mechanisms of both armchair and zigzag [6] 

h-BN Kirigami systems are systematically investigated using classical molecular 

dynamics simulations. The influence of three geometric parameters related to pattern 

size on the tensile stress and strain and deformation mechanism is also investigated.  

These results provide guidelines for tailoring and manipulating the mechanical 

properties of h-BN or other nano 2D structures. 

 

2. Molecular dynamics (MD) simulations  

Our MD simulations used the LAMMPS (Large-Scale Atomic/Molecular Massively 

Parallel Simulator) open-source package [31], developed by Sandia National 

Laboratories. The Tersoff potential [32-34] was adopted for the interactions between 

the boron and nitrogen atoms, due to its success in previous studies of BN nanotubes 

and nanosheets [35-38]. Several sets of Tersoff or Tersoff-like potential parameters 
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have recently been developed for interactions between boron and nitrogen [39-46]. 

Sekkal et al. [39] and Verma et al. [40] obtained parameters to describe cubic BN and 

boron nitride nanotubes (BNNTs) respectively by small modifications of those for 

carbon. The boron nitride was treated as a one-component system. Matsunaga et al. 

[41, 46] considered c-BN as a two-component system with B-N interactions and 

proposed separate sets of parameters for boron and nitrogen atoms, which reproduce 

the lattice constants, bulk modulus and binding energy of cubic boron nitride. Albe et 

al. [42, 43] developed a Tersoff-like potential for BN, which is able to describe the sp2 

structures of BN polymorphs, BN clusters and pure B and N bonding. These potential 

parameters have been successfully employed in investigations of the structural, 

thermal and mechanical properties of BNNTs, h-BN nanosheets (BNNSs) and BN 

nanobamboos [35, 36, 47-49]. Recently, based on force-matching, adjusted 

Tersoff-like potential parameters [44, 45], obtained by fitting the obtained bond length 

and cohesive energy to experimental data, have also been used to simulate the thermal 

and mechanical behaviour of BN nanofillers and BNNSs [38, 44, 45, 50]. It is worth 

noting that the effective use of the Tersoff potential in the fracture analysis of 2D 

h-BN sheets remains a subject of debate. Modified Tersoff potential with the 

parameters B, R and D have been used to simulate the nanoindentation of cubic boron 

nitride[51]. However, other authors still use the original Tersoff potential of Kinaci et 

al. to account for the presence of Stone-Wales and other types of defects[52]. In the 

present MD simulations, the Tersoff-like potential with the parameters defined and 

proposed by Albe et al. [42, 43] was chosen, as shown in Table 1, due to its success in 
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predicting the stiffness and yielding effects of various BN nanostructures studied 

previously.  

Tab.1. Tersoff-like interatomic potential parameters for BN [42, 43] 

 BN-interaction NN-interaction BB-interaction 

m 3 3 3 
γ 1 1 1 
λ3 (Å-1) 1.9925 0 0 
c 1092.9287 17.7959 0.52629 
d 12.38 5.9484 0.001587 
h -0.5413 0 0.5 
n 0.364153367 0.6184432 3.9929061 
β 0.000011134 0.019251 0.0000016 
λ2 (Å-1) 2.784247207 2.627272104 2.077498242 
B (eV) 3613.431337 2563.560342 1173.196962 
R (Å) 2 2 2 
D (Å) 0.1 0.1 0.1 
λ1 (Å-1) 2.998355817 2.829309329 2.237257857 
A (eV) 4460.833973 2978.95279 1404.475204 

 

The h-BN kirigami was constructed by making cuts in a h-BN nanoribbon with free 

edges. All cuts removed a whole number of BN formula units. The topology of the 

cuts is similar to those in single layer graphene sheets in Ref. [30]. A schematic view 

of the h-BN Kirigami showing the geometric parameters we vary is shown in Fig. 1. 

The key variables are the nanoribbon length L0, the width b, the height and width of 

each interior cut (w and c) and the distance between successive cuts d. The edge cut 

length is defined to be half of the interior cut (ie. 0.5w). For simplicity all interior and 

edge cut lengths are equal. The geometry parameters have been used to define 

nondimensional quantities for a subsequent parametric analysis of the mechanical 

performance of different configurations of the h-BN Kirigami sheets. We define the 
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ratio of the overlapping cut and sheet widths as α = (w-0.5b)/b, the overlapping cut to 

sheet lengths β = (0.5d-c)/L0[30], and the overall ratio between width and length of 

the h-BN sheet (γ = L0/b). The cut width ratio α varies between -0.5 to 0.5 and 

controls the porosity of the Kirigami sheets, while the cut length ratio β (always a 

positive quantity) gives a measure of the density of the cuts, including the amount and 

width of the Kirigami geometric unit. In other words, the parameter α describes the 

geometry perpendicular to the loading direction, while the parameter β relates to the 

geometry parallel to the loading direction. The third parameter γ provides an 

indication of the scale effect when at constant α and β ratios. We consider both 

armchair and zigzag edges configurations for the sheets. The representative armchair 

h-BN Kirigami studied in this work has 9596 atoms, with a length L0 ∼ 355.7 Å, 

width b ∼ 100.2 Å, height and width of each interior cut w ∼ 75.1 Å and c ∼ 8.7 Å 

respectively, and a distance between successive cuts d ∼ 43.4 Å。 

 

Fig.1 Schematic simulation model of the h-BN Kirigami, with the key geometric 

parameters labelled. 

The h-BN Kirigami was first fully relaxed for at least 10000 time steps (each time 

step equal to 1fs) within a canonical (NVT) ensemble at 300 K. Subsequently, a 
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uniform displacement loading on the two opposite ends of the sheet was applied to 

stretch the Kirigami structure within the same NVT ensemble, until failure occurred. 

Nonperiodic boundary conditions were applied along all three directions, so that 

atoms do not interact across the boundary and do not move from one side of the box 

to the other. The equations of motion were solved using the velocity-Verlet algorithm 

[53] with a timestep of 1 fs. In individual simulations, the temperature was maintained 

at the specified value by using the Nose-Hoover method [54, 55]. The strain rate was 

set to 1×109 s-1. To obtain the stress-strain curves the virial stress in the loading 

direction was calculated for each strain [56]. The slope of the linear part of the curves 

gives the Young’s modulus, and the ultimate strength and strain were taken as the 

maximum stress and strain before the onset of failure. Note that the equivalent 

Young’s modulus of a pristine 2D h-BN system (within Kirigami) scales with its 

effective thickness, which in this work is 0.333 nm [40]. 

 

3. Results and discussion 

3.1 Validation 

To validate our MD simulations, we have simulated pristine h-BN nanosheets without 

Kirigami and calculated the Young’s modulus, ultimate strength and strain. The 

stress-strain curves for armchair and zigzag h-BN nanosheets are shown in the inset of 

Fig. 2. First the Young’s modulus obtained for armchair and zigzag h-BN are 874 

GPa and 887 GPa, respectively, which compare with reported literature values of 790 

GPa – 970 GPa from experiment [57], density functional theory [58, 59], MD [23, 60, 
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61] and structural mechanics methods [62, 63]. The values are also very close to those 

of boron nitride nanotubes [63-66]. The ultimate strength predicted by our models is 

132 GPa for the armchair and 128 GPa for zigzag h-BN configurations. For 

comparison, values of 127 GPa and 114 GPa were calculated by Zhao et al. [61] 

previously in MD simulations using Tersoff potentials with parameters taken from 

Mastunaga et al. [41, 46] Moreover, the fracture strains obtained from our MD 

simulations at 300 K are 0.24 (armchair) and 0.36 (zigzag) (average 0.30) which are 

very close to corresponding values of 0.29, 0.32 and 0.305 (average) [60] and 0.28 

(average) [61] strains calculated in previous MD simulations. The predictions 

contained in Ref [60] also clearly show the difference between the armchair and 

zigzag h-BN configurations, with the zigzag boron nitride sheet exhibiting ~ 10% 

higher strain to failure than the armchair one for a ~ 2:1 aspect ratio sheet. We 

observe also in our case a higher strain to failure for the zigzag configuration (~ 33%), 

which is justified by the higher slenderness ratio of the nanoribbons used in this work 

(3.55:1). We can therefore conclude that our present MD simulations are reliable in 

predicting the calculation of the tensile properties of h-BN nanosheets. The values of 

the ultimate strength and strain for the two pristine configurations (σU and εU) are 

used later to normalize the parametric curves describing the variation of the properties 

of the h-BN Kirigami sheets with different geometry parameters. 
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Fig.2 (a) Stress-strain curves of the representative armchair and zigzag h-BN Kirigami. 

Four distinct stages of deformation occur in the Kirigami sheets prior to failure, as 

shown in Fig. 2(a) by the dashed lines for armchair Kirigami. Stress-strain curves of 



 

 10 

pristine armchair and zigzag h-BN are also shown in the inset for comparison. (b) 

Snapshots of the top view of the atom configuration of the armchair h-BN Kirigami. 

The tensile strains corresponding to the different stages are 30%, 78%, 91%, 96.3%, 

respectively. The snapshots were generated using Visual Molecular Dynamics (VMD) 

[67]. 

3.2 Stress-strain response and deformation mechanism of h-BN kirigami 

Fig. 2 shows the stress-strain curves of the representative armchair and zigzag h-BN 

Kirigami and atom configurations at different deformation stages. Stress-strain curves 

of pristine armchair and zigzag h-BN are also shown in the inset of Fig. 2(a) for 

comparison. In contrast to pristine h-BN, the nanosheets with Kirigami cuts show 

markedly different tensile behaviours. The stress that can be sustained by Kirigami 

sheets is more than one order of magnitude smaller. However, the fracture strain is 

increased by more than a factor of 2. It can also be seen that four distinct stages of 

deformation occur in the Kirigami sheets prior to failure, as separated by the dashed 

lines in Fig. 2(a). Taking armchair Kirigami as an example, during the first stage the 

stress increases with rising strain at very low rate and does not exceed 1.0 GPa, while 

the critical strain reaches above 50%, unlike the deformation process of pristine h-BN 

nanosheets. By linear fitting the stress-strain curve of this stage, we can obtain a value 

of the Young’s modulus E1 of approximately 0.34 GPa. During this stage the 

Kirigami structure elongates along the loading direction without significantly 

stretching the B-N bonds, but mainly by lateral flapping of the cut sections and 

generating large out-of-plane rotations of the sides of the sheets, which involve 
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structural changes that require relatively little energy. The negligible stretch of the BN 

bonds, which is typical of elastic deformations since bond-stretching incurs a large 

energetic penalty, is confirmed by the predominance regular hexagonal B-N rings in 

the stretched sheet lattice, as shown in Fig. 2(b) a1, with little change in the bond 

lengths. This deformation mechanism is similar to that observed in graphene Kirigami, 

as in Ref [30]. It is the lateral flapping and rotation mechanism that generates the high 

ductility of the h-BN Kirigami sheets.  

During Stage II, when the strain exceeds approximately 55% the stress-dependent 

strain increases at much higher rate than in Stage I (Fig. 2(a)), consistent with the 

main deformation mechanism now being purely elastic bond stretching rather than cut 

sections flipping and rotating. This change in deformation mechanism is confirmed 

from by inspecting the structure in Fig. 2(b); there is no further tendency of the cut 

sections to flap or rotate, while the regular hexagonal B-N rings distort because of 

stretching loading, and the cross-section of the sheet decreases significantly, as shown 

in Fig. 2(b) a2. The tangent modulus E2 of this stage is about 18.95 GPa for the 

configuration considered (armchair). It should be noted that the total tensile strain 

after the first two stages reaches ~ 88%, a value much greater than the fracture strain 

of pristine h-BN nanosheets (about 30%). In Stage III bond breaking then takes place 

at higher strains, while the maximum stress varies between 6 GPa – 8 GPa, showing a 

pseudo ductile behaviour followed by the failure of the sheets (Fig. 2(a)). From 

Fig.2(b) it can be observed that at this stage local bond breaking near the edges of the 

cuts occurs, which is due to the high stress concentrations (as evident from the atom 
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stress distribution in Fig. 3). The largest stresses are concentrated near the edges of 

the each Kirigami geometric unit, as also previously observed in graphene Kirigami 

[30].  

Finally, as shown in Fig.2 (b) a4, fracture occurs during Stage IV, after the tensile 

strain reaches 95%. For zigzag h-BN Kirigami, similar deformation phenomena were 

also observed. 

 

Fig. 3 Stress distribution of armchair h-BN Kirigami prior to the failure corresponding 

to the snapshot in Fig. 2(b) a3. The data are scaled to lie between 0 and 1. This figure 

was generated using AtomEye [68]. 

3.2 Influence of the geometry parameters on the mechanical behaviour 

The ductility and strength of the Kirigami h-BN sheets strongly depend upon the 

topology of the cut patterns, and therefore upon the dimensionless geometry 

parameters described above. To clearly understand the meaning of the variation of 

these parameters, different h-BN Kirigami configurations for the varying geometric 

parameters α, β and γ are shown in Fig. 4. Smaller values of the parameter α lead to a 

lower porosity of the Kirigami sheets, while larger values tend to produce 

configurations with larger voids and larger cuts heights. Large β leads to a lower 

density of the cuts (Fig. 4(b)). 
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Fig. 4 Schematic Kirigami configurations for the varying geometric parameters α, β and 

γ 

 

We have investigated the effects of these parameters on the global mechanical 

properties and deformation mechanisms of the Kirigami sheets. Figs 5 shows the 

complete stress-strain curves for armchair Kirigami sheets with different α but 

keeping constant β (0.0375) and γ (3.551). The stress-strain response of the Kirigami 

sheets is strongly affected by the cut height w. With increasing α, the ultimate 

strength firstly decreases significantly and then tends to be almost constant. When α is 

small (less than 0, as shown later) there is no evident initial low stiffness regime in the 

stress-strain curves (Stage I, as illustrated in Fig. 2(a)), and the fracture strains remain 

constant at ~ 20%, even slightly lower than the one of the pristine armchair h-BN 

sheets (23.6%). However, when α is increased there is an evident initial low rate 
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deformation stage in the corresponding stress-strain curves (Stage I). In this case the 

ultimate strength remains nearly constant at about 8GPa, while the fracture strain 

increases substantially with rising α. Thus, to enhance the ductility of the h-BN 

Kirigami, a large value of α should be adopted. 

 

Fig. 5 Stress-strain curves for armchair Kirigami sheets keeping constant β= 0.0375, 

γ=3.551 and varying α (-0.25 < α < 0.35) 

Fig. 6 shows the effect of α on the stress-strain relationship and ultimate strength and 

fracture strain of h-BN Kirigami for constant β and γ. In these and all subsequent 

figures, the stresses and strains are normalized by those for pristine h-BN nanoribbons 

of the same size so that the effect of the Kirigami parameters can be directly 

quantified. From Fig. 6(a) we see that the stress-strain relationships for zigzag 

Kirigami with different α show the same trend as armchair Kirigami (Fig. 5). The 
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ultimate strength and strain is plotted as a function of α in Figs. 6(b) and (c), 

respectively. It is clear that the ultimate stress of the Kirigami varies inversely with 

the cut width ratio, with the higher stresses corresponding to negative α parameters, 

and there is also a very low sensitivity of the stress to increasing positive α values for 

both armchair and zigzag configurations. In contrast, when α > 0, the Kirigami 

becomes significantly more ductile, as shown in Fig. 6(c), where the fracture strains 

for armchair and zigzag Kirigami are approximately 2.5 and 5 times larger, 

respectively, than that of the pristine nanoribbon. However, when α < 0, the fracture 

strains tend to be insensitive to the value of α for both armchair and zigzag Kirigami 

and we also note that in this regime the strains, especially for the zigzag form, are 

even lower than that of the pristine h-BN nanoribbon. 

The overall deformation mechanism at different α values can be rationalised as 

follows. As illustrated in Fig. 1 and Fig. 4, α = 0 corresponds to the configuration in 

which the edge and the interior cuts just begin to overlap. When α < 0, the edge and 

the interior cuts do not overlap and out-of-plane deformation tends to be severely 

constrained, or does not even occur at lower α. In this case, the cuts can be viewed as 

atomic line defects which may decrease the strength and strain substantially. The 

smaller is α, the higher is the strength, which approaches that of the cut-free 

nanoribbon. In contrast, when α > 0 the flipping and rotation mechanism of Fig.2 (b) 

a1 takes place, which contributes largely to large stretching and compliance of the 

Kirigami configuration. Increasing overlap of edge and interior cuts leads to 

increasing ductility of the h-BN Kirigami nanoribbon. 
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Fig.6 Effects of α (-0.25 < α < 0.35) on the (a) stress-strain relationship (b) ultimate 

strength and (c) fracture strain of h-BN Kirigami for constant β and γ. For armchair β 

=0.037, γ=3.551, and for zigzag β =0.056, γ=3.416. Data are normalized by pristine 

h-BN nanoribbon results with the same size. 

The effects of β on the stress-strain relationship, ultimate strength and fracture strain 

of the h-BN Kirigami nanostructure for constant α and γ are shown in Fig. 7. In this 

case the different Kirigami configurations are produced by varying the cut unit cell 

width d from 2.5 nm to 8.7 nm , while keeping all other geometry parameters constant. 
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This parameter has a large effect on the mechanical properties of both armchair and 

zigzag h-BN Kirigami. As illustrated in Fig. 4, large β values lead to decreased 

amounts of cut unit cell and lower density of the cuts, which results in a reduction in 

operation of the out-of-plane deformation mechanism we have discussed. Thus, as 

shown in Figs. 7 (b) and (c), increasing β leads to a decrease in fracture strain and an 

increase in ultimate strength. Note in particular that when, approximately, β > 0.06 

(zigzag) or >0.08 (armchair), the fracture strain of both Kirigami forms is even lower 

than that of the pristine h-BN nanoribbon. This is due to the presence of the cut 

patterns, which can be viewed as line atomic defects, which once again can decrease 

the ultimate stress and fracture strain of the h-BN nanoribbon. 
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Fig.7 Effects of β	(0.021 < β < 0.099) on the (a) stress-strain relationship (b) ultimate 

strength and (c) fracture strain of h-BN Kirigami for constant α and γ. α =0.125, and 

γ=3.551, 3.416 for armchair and zigzag, respectively. Data are normalized by pristine 

h-BN nanoribbon results with the same size. 
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Besides varying α and β we have also examined the influence of the length-to-width 

ratio γ on the mechanical behavior of h-BN Kirigami (Fig. 8). This is achieved by 

changing the ratio of the length and width of the Kirigami nanoribbons to keep the 

parameters α and β constant. Here we changed b and w, keeping L0, c and d constant. 

Figs. 8(b) and (c) show that for both armchair and zigzag configurations decreasing γ  

 results in an almost linear increase in ultimate strength, and a monotonic decrease in 

fracture strain. For γ > 4−∼6,  the ultimate strength increases with γ, the variation in 

fracture strain is much less. 

The behaviour of the h-BN Kirigami nanoribbons tends to mirror that of 

graphene-based Kirigami systems [30]. Normalised fracture strains in graphene 

Kirigami tend to be higher for armchair configurations with larger values of α, as in 

our simulations. Zigzag graphene Kirigami with α=0.1 and β=0.057 have a 

normalised fracture strain close to 2.5 [30]. However the failure value for analogous 

zigzag h-BN Kirigami with a similar configuration is less than unity, indicating that 

larger values of α are needed for a high fracture strain. Armchair h-BN configurations 

have larger fracture strains (∼2) when β is small and high normalised fracture strains 

when α is large (εU > 5). For fracture failure, there are notable differences between 

armchair and zigzag graphene and h-BN Kirigami; for α∼0.05 and β∼0.06 the 

armchair graphene topology has a normalised fracture stress of 0.116 while the zigzag 

value is 0.087; for the h-BN analogue, the armchair value is 0.066 while the zigzag is 

0.085. Comparing our results with previous studies, we can observe that h-BN and 

graphene Kirigami possess different mechanical parameters, which are typical of the 
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their core materials properties. The Kirigami structures have however similar 

strain-dependent behaviours, which are essentially caused by their intrinsic geometry. 

The results shown in this work indicate the presence of the same mechanisms to 

enhance the ductility, i.e. the lateral flapping and out-of-plane rotation of the Kirigami 

sheets. 

Overall in our simulations the ductility of the h-BN Kirigami was increased by 

increasing the overlapping cut (increasing parameter α), increasing the amount of 

geometric cut unit (decreasing parameter β), and increasing length-to-width ratio 

(increasing parameter γ). It should also be pointed out that although incorporating 

Kirigami patterns can significantly enhance the ductility of h-BN, the elastic 

properties or Young’s Modulus and the strength of Kirigami structures are 

significantly decreased compared to h-BN nanoribbons (up to 60~90% - see Figs. 6-8). 

During the tensile loading the Kirigami-patterned sheets exhibit out-of-plane 

deformations, and failure begins when the ends of the cuts tear and crease through 

because of the high stress concentrations in these regions. To further the latter, one 

could employ a technique widely used in fracture mechanics, i.e., the blunting of the 

crack tip using a stress distributing geometry, such as circles or rectangles with half 

circles. These circular features can effectively delay the onset of tearing and crack 

propagation, and thus can improve the strain to failure of the Kirigami structures 

compared to the rectangular cut patterns studied in this work, although the magnitude 

of the strength to failure may also decrease. Another approach may consist in the 

adoption of bridging materials, or distribution of polymeric molecules that may ease 
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the intensity of the stress concentrations.  

 

 

Fig.8 Effects of γ (1.27 < γ < 10.25) on the (a) stress-strain relationship (b) ultimate 

strength and (c) fracture strain of h-BN Kirigami for constant α	and	β. α =0.125, and 

β=0.037, 0.056 for armchair and zigzag, respectively. The data are normalized by 

pristine h-BN nanoribbon results with the same size. 

4. Conclusions 

In this study we have performed classical molecular dynamics simulations to 
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investigate the mechanical behaviour of hexagonal boron nitride Kirigami structures. 

The effects on the mechanical behavior caused by the topology of the cut patterns and 

the scale aspects (defined by three key geometry parameters) have also been studied 

and analysed systematically. The results indicate that Kirigami patterning is an 

effective way to enhance dramatically the bilinearity and stretching capability of 

h-BN nanosheets. The resulting enhancements in fracture strains can be as much as a 

fivefold increase over the values for pristine h-BN nanoribbons. These results suggest 

that the Kirigami architectural approach may constitute a suitable technique to design 

super-ductile two-dimensional nanomaterials and may open up a wide range of novel 

technological solutions for stretchable electronics and optoelectronic devices, in 

particular when bio-compatibility with the environment is a constraint for the design 

of these nanosensors.  
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Figure	captions	 	

Fig.1 Schematic simulation model of the h-BN Kirigami tested, with the key 

geometric parameters labelled. 

Fig.2 (a) Stress-strain curves of the representative armchair and zigzag h-BN Kirigami. 

Four distinct stages of deformation occur in the Kirigami sheets prior to failure, as 

shown in Fig. 2(a) by the dashed lines for armchair Kirigami. Stress-strain curves of 

pristine armchair and zigzag h-BN are also shown in the inset for comparison. (b) 

Snapshots of the top view of the atom configuration of the armchair h-BN Kirigami. 

The tensile strains corresponding to the different stages are 30%, 78%, 91%, 96.3%, 

respectively. The snapshots were generated by Visual Molecular Dynamics (VMD). 

Fig. 3 Stress distribution of armchair h-BN Kirigami prior to the failure corresponding 

to the snapshot in Fig. 2(b) a3, where the data were scaled between 0 and 1. This 

figure was generated by AtomEye. 

Fig. 4 Schematic Kirigami configurations for varying geometric parameters α, β and γ 

Fig. 5 Stress-strain curves for armchair Kirigami sheets keeping constant β= 0.0375, 

γ=3.551 and varying α (-0.25 < α < 0.35) 

Fig.6 Effects of α (-0.25 < α < 0.35) on the (a) stress-strain relationship (b) ultimate 

strength and (c) fracture strain of h-BN Kirigami for constant β and γ. For armchair β 

=0.037, γ=3.551, and for zigzag β =0.056, γ=3.416. Data are normalized by pristine 

h-BN nanoribbon results with the same size. 

Fig.7 Effects of β (0.021 < β < 0.099) on the (a) stress-strain relationship (b) ultimate 
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strength and (c) fracture strain of h-BN Kirigami for constant α and γ. α =0.125, and 

γ=3.551, 3.416 for armchair and zigzag, respectively. Data are normalized by pristine 

h-BN nanoribbon results with the same size. 

Fig.8 Effects of γ (1.27 < γ < 10.25) on the (a) stress-strain relationship (b) ultimate 

strength and (c) fracture strain of h-BN Kirigami for constant α and β. α =0.125, and 

β=0.037, 0.056 for armchair and zigzag, respectively. The data are normalized by 

pristine h-BN nanoribbon results with the same size. 

 

 

 


