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Abstract 

2D materials such as graphene, monolayer MoS2 and MXene are highly functional for their 

unique mechanical, thermal and electrical features and are considered building blocks for future 

ultrathin, flexible electronics. However, they can easily fracture from flaws or defects and thus it 

is important to increase their toughness in applications. Here, inspired by natural layered 

composites and architected 3D printed materials of high toughness, we introduce architected 

defects to the 2D materials and study their fracture in molecular dynamics simulations. We find 

that the length of the defects in the shape of parallel bridges is crucial to fracture toughness, as 

long bridges can significantly increase the toughness of graphene and MoS2 but decrease the 

toughness of MXene, while short bridges show opposite effects. This strategy can increase the 

toughness of 2D materials without introducing foreign materials or altering the chemistry of the 

materials, providing a general method to improve their mechanics.  

1. Introduction 

Graphene, MoS2, and MXene are interesting ultrathin 2D materials due to their incredible 

mechanical strength, electrical and thermal conductivity. A polycrystalline graphene is electrically 

conductive 1,2, has a Young’s modulus of 1 TPa, a high ultimate mechanical strength of 90 GPa3 

and thermal conductivity of 5300 W·m−1·K−1
 
4. Graphene is used effectively under several extreme 

mechanical, electrical and thermal conditions with good performance, including battery, sensor, 

transistor and strong composites 5–7. Monolayer MoS2 (MoS2 as an abbreviation) is a potential 

candidate for devising semiconductors due to its band gap of 1.8 eV 8,9. This has led to applications 

in bendable wearable electronics. MoS2 has been shown to have a Young’s modulus of 270 GPa 8, 

an ultimate mechanical strength of almost 9.1 GPa10 and a thermal conductivity of 34.5 W·m−1·K−1 
11. MXene (as monolayer Ti3C2) has been discovered more recently than the other two materials 12 

and is actively explored as candidates in energy storage, nanoelectronics and environmental 

applications due to its mechanical and chemical properties. MXene is reported to be electrically 

conductive 13, has a Young modulus of 473 GPa14, a maximum mechanical strength of about 10 

GPa15 and a thermal conductivity of 55.8 W·m−1·K−1 16,17.  

These materials are ultrathin and thus a higher ultimate mechanical strength is crucial for its 

reliable applications. Doping methods and material composites to increase the mechanical strength 

of these materials have been an active area of research, while the mechanical enhancement is 

coupled with a change in electric properties. For example, doping MoS2 with Ga+ point defects 

can increase the strain energy release rate by 15% 18, doping MXene with Nb shows an increase 

in the band gap from 0.9 eV to 0.1 eV 19 and sequential bridging of hydrogen and covalent bonding 

agents is shown to increase its mechanical strength with 95% increase20. Introduction of CNT 

rebars embedded in graphene shows fourfold increase in fracture energy 21. Reinforcing with rebar 

can locally increase the thickness of the material and reduce its flexibility, while chemical doping 

can significantly modify its electrical properties. On the other hand, ordered defects in graphene 

have been shown to be effective in tuning its mechanics without introducing foreign materials 22–

24. 

Here, we focus on architected defects in these materials in the form of bridges. Previous studies, 

in the continuum limit, have shown that pillared structures are effective in tuning the ductility and 



toughness of 3D-printed samples 25. It was shown that slender structures were able to have better 

strength because of better sharing of load among the pillars on the macroscale. It is not clear how 

this strategy can be applicable to different 2D materials and how the bridge defects interplay with 

the material fracture on the atomistic scale 14,26.  We create pristine graphene, MoS2 and MXene 

samples with rectangular shaped defects and explore the strength by changing the height of these 

defects. To our knowledge, no such comparative study has been done. 

 

2. Materials and Method 

 

We simulated uniaxial strain in these architected 2D ultrathin samples. A schematic of the 

sample is shown in Fig. 1(a). Our typical sample is a piece of rectangular 2D material with a pre-

existing sharp crack from one end and a periodic bridge-gap architecture in front of the crack. The 

height of the bridges varied from h = 0 Å referring to the pristine sample to h = 120 Å for the 

sample with the largest bridge height. The details of the fabricating the architecture is given in 

section 2.2. We use an adaptive intermolecular REBO potential (AIREBO)27 for graphene and 

MoS2
26 and a modified embedded atom method (MEAM) potential for MXene28. The details of 

the potentials used are discussed in section 2.1 .We studied the stress-strain profile, the virial stress, 

and the dissipation energy29,30 of the samples. We also developed a simple mathematical theory to 

explain the dissipation energy using contributions from deformation energy and surface crack 

creation.  

 

2.1 Molecular Modelling Potential 

 

2.1.1 Graphene 

 

The adaptive intermolecular REBO potential (AIREBO) 27 is used in this study for graphene 

sheet. The total potential energy, ECC, capturing the interactions between the carbon atoms is given 

by  

𝐸𝐶𝐶 =
1

2
∑ ∑ [𝐸𝑖𝑗

𝑅𝐸𝐵𝑂−𝐶𝐶 + 𝐸𝑖𝑗
𝐿𝐽−𝐶𝐶 + ∑ ∑ 𝐸𝑘𝑖𝑗𝑙

𝑇𝑂𝑅𝑆𝐼𝑂𝑁−𝐶𝐶

𝑙≠𝑖,𝑗,𝑘𝑘≠𝑖,𝑗

]

𝑗≠𝑖𝑖

(1) 

where 𝐸𝑖𝑗
𝑅𝐸𝐵𝑂−𝐶𝐶 and 𝐸𝑘𝑖𝑗𝑙

𝑇𝑂𝑅𝑆𝐼𝑂𝑁−𝐶𝐶 are the REBO term of hydrocarbon and TORSION term for 

four-body potential describing various dihedral angle preferences in hydrocarbon configurations 

respectively. The detailed expression and parameters of REBO and TORSION terms are given in 

the original paper of this force fields 27,31. The long-range interaction among the atoms is given by 

the Lennard-Jones potential 𝐸𝑖𝑗
𝐿𝐽−𝐶𝐶

 with a cutoff of 8.5 Å. This potential can very well characterize 

the elastic mechanics of carbon allotropes except the non-physical stiffening of the stress-strain 

curve before bond rupture 32–34 because of the switching function. Thus, both radius cutoffs of the 

switching function in the AIREBO potential are set to 2.0 Å35 to remove the effect of the switching 

function in the REBO potential as previous studies suggested 36,37.  

 

2.1.2 MoS2 

 



We use REBO potential develop for MoS2 against Density Functional Theory (DFT) 

calculations as in the former work26, since the original FF was not tuned for the failure of MoS2 

system38. This potential was obtained by comparing the stress-strain curves and failure strain in 

the armchair and zigzag directions from DFT calculations. The total energy between the different 

sets of atoms is given by 𝐸MoS2
= 𝐸𝑀𝑜−𝑀𝑜 + 𝐸𝑀𝑜−𝑆 + 𝐸𝑆−𝑆, where each individual energy term is 

of the form 𝐸αβ  
 

𝐸𝛼𝛽 =
1

2
∑ ∑ [𝐸𝑖𝑗

𝑅𝐸𝐵𝑂−𝛼𝛽
+ 𝐸𝑖𝑗

𝐿𝐽−𝛼𝛽
+ ∑ ∑ 𝐸𝑘𝑖𝑗𝑙

𝑇𝑂𝑅𝑆𝐼𝑂𝑁−𝛼𝛽

𝑙≠𝑖,𝑗,𝑘𝑘≠𝑖,𝑗

]

𝑗≠𝑖𝑖

(2) 

where α and β are a combination of Mo and S. The 𝐸𝑖𝑗
𝑅𝐸𝐵𝑂−αβ

 , 𝐸𝑖𝑗
𝐿𝐽−αβ

and 𝐸𝑘𝑖𝑗𝑙
𝑇𝑂𝑅𝑆𝐼𝑂𝑁−αβ

 are the 

REBO, Lennard-Jones and TORSION terms in the equation. There are three sets of combinations 

such as Mo-Mo, Mo-S and S-S. The parameters for the cutoff in the REBO terms were chosen to 

reduce the artificial stiffening effects caused by the switching function 26.   

 

2.1.3 MXene (Ti3C2) 

 

The interatomic interaction of MXene is defined based on the Modified Embedded-Atom 

Method (MEAM) interatomic potential of Ti-C bulk material28. The total energy is of the form 

given by 𝐸𝑇𝑖𝐶 

𝐸𝑇𝑖𝐶 = ∑ [𝐹𝑖(𝜌𝑖) +
1

2
∑ 𝑆𝑖𝑗

𝑗≠𝑖

𝜙𝑖𝑗(𝑅𝑖𝑗)]

𝑖

(3) 

 where 𝐹𝑖 is the embedding function of an atom i in a background electron density 𝜌𝑖, 𝑆𝑖𝑗 is the 

screening function and 𝜙𝑖𝑗(𝑅𝑖𝑗) is the pair potential between atoms i and neighbors j as a function 

of the distance 𝑅𝑖𝑗 between the pairs. Since 2D MXene can stay alone, and the upper and lower 

surfaces do not tend to spontaneously form bonds in the thickness dimension, we simply tune the 

MEAM potential by reducing the radial cut-off distance from 4.6 Å to 3.95 Å. We also modified 

the effect of screening parameter denoted by 𝐶𝑚𝑖𝑛(𝑖 − 𝑘 − 𝑗) which determines the extent of 

screening of atom k on the interaction between two neighboring atoms i and j. We increase 

𝐶𝑚𝑖𝑛(Ti–Ti–C), 𝐶𝑚𝑖𝑛(C–C–Ti) from 0.64 to 0.94 Å and decrease the screening parameters 

𝐶𝑚𝑖𝑛(Ti–C–Ti), 𝐶𝑚𝑖𝑛(Ti–C–C), 𝐶𝑚𝑖𝑛(C–Ti–Ti), 𝐶𝑚𝑖𝑛(C–Ti–C) from 1.19 to 1.69 Å. Using this 

potential we obtain MXene that is mechanically stable without external loading force and gives 

ultimate strength of 11.36 GPa which is the same order or magnitude to experimental estimation 

from indentation measurements of (17.3±1.6 GPa).39  

 

2.2 Modelling the bridged structure in ultrathin sheets 

 

The interest of our study is on the bridged structures in a 2D graphene, MoS2 and MXene (Ti3C2) 

sheet. We create different samples of these 2D sheets with varying architectures. We created 

samples with changing bridge height and changing bridge width. The bridged structure is generated 

using a custom python script by essentially deleting atoms from a 2D pristine sheet. We start out 



with a pristine sheet of dimensions (𝑙 𝑥 𝑏) and then use location data to delete the atoms in the 

shape of a rectangle for the defects and a notch defect at the edge to create the desired architecture. 

This might lead to hanging atoms with free ends at the edges of the bridged defects, but analysis 

showed that they did not contribute to the stress distribution in the ultrathin sample. These atoms 

were not involved in distributing the stress that occurs due to the uniaxial stretching of the sheets. 

In Fig. 1A which shows the schematic of a typical sample, l is the length of the sample of 510 Å, 

b is the width of the sample of 245 Å, h is the height of the bridges and d is the width of the bridges. 

We make a notch at one end to allow for crack  propagation into the sample. It is of length denoted 

by a, which is set to 100 Å. The angle of the crack tip is taken to be 20 degrees. The green boxes 

show the atoms that are fixed to the wall to allow for the uniaxial tension tests and the arrows show 

the direction the sample is being strained.   

Fig. 1(b) shows a sample of the graphene sheet used for the simulations. The inset shows a 

magnified version of the sample. It is a single layer material sheet. The direction for the strain is 

along the zigzag direction. The setup for MoS2 which is a 3-layer material, is shown in Fig. 1C. It 

shows the Mo atoms sandwiched between two layers of S atoms. The direction of strain is again 

along the zigzag direction. A schematic of the structure and direction of strain is shown in the 

supplementary material (Fig S1(a)). In case of MXene, Ti3C2 without functional groups is the 

sample material which is five layered is shown in Fig. 1(d). It is an alternating layer of Ti and C 

atoms. The structure is illustrated in (Fig. S1(b)) the supplementary material. The inset in all cases 

shows the magnified view of the atoms.  

Figure 1. Schematics and atomistic structures of 2D material samples with bridge structure. The sheet is of 

length (l) and height (b), and the bridge structure is composed of gaps of height (h) in parallel and width (w) with 

a distance (d) between them and a pre-existing crack of length (a). We fix regions of the lower and upper 

boundaries of the sample (as highlighted by the green boxes of height (u)) and apply uniaxial tensile strain to the 

graphene sample by separating the two regions with a constant strain rate. The Fig. 1(b), 1(c) and 1(d) shows the 

samples of graphene, MoS2 and MXene, respectively, with the inset showing a zoomed-in version. 

 

 

 

 

 

 

 

 

      

      

 



 

There are 10 bridged defects in all the samples. We conduct studies by changing the height of 

the defects. The height of the bridges ranges from h =0 Å for the pristine case to h = 120 Å for the 

highest bridge. The width of the bridge, d = 30 Å, is kept constant along with the defect width, w 

= 10 Å while varying the height, h. We studied seven samples for each material with heights, h = 

(0 Å, 5 Å, 20 Å, 40 Å, 60 Å, 100 Å, 120 Å). 

The boundary conditions are periodic, but care has been taken to make sure that the sample does 

not interact with itself from the image by making sure that the box is significantly larger than the 

sample. We keep 50 Å on both sides of the 2D sample and 20 Å in the thickness. So, the thickness 

dimension of the box ranges from -20 Å to 20 Å and the length of the box is -50 Å to 560 Å and 

the width is from -50 Å to 300 Å. 

 

2.3 Relaxation before fracture simulation 

 

The sheets are energetically minimized before fracturing. The system is minimized with 

conjugate gradient method for 20,000 steps with a timestep of 1fs. The system is then equilibrated 

using a NVE ensemble to a temperature of 300 K by rescaling the velocity of individual atoms 

with a timestep of 1 fs for 10000 steps for graphene, MoS2 and MXene. The energy for 

equilibration is plotted and discussed to see if the material energy has reached a constant value in 

supplementary information(Fig. S2 and Fig. S3).  

 

2.4 Fracture simulation and visualization 

 

The sheet is stretched in the zigzag direction to generate the fracture mechanics. A few blocks 

of the upper and lower atoms in the zigzag direction denoted by the green boxes in Fig. 1(a) of 

dimension (u x l x t) where t is the thickness of the material, are fixed to the edge of the 

simulation box. The simulation box is then deformed along the zigzag direction with an 

engineering strain rate of 0.0000002Å/fs.40 This rate is slow and is done in order to avoid 

overestimating the energy release rate 29.  This is done for 10 ns. However, the sheet is observed 

to facture way before the end of the simulation steps. The thickness of graphene is assumed to be 

3.35 Angstroms 41 , for the MoS2 it is 6.50 Å42 and for the Ti3C2 it was 9.88 Å 43 . The atomic 

Virial is employed to calculate the atomistic stress of atom. This is color coded in the dynamics 

demonstration in Fig. 2, Fig.3 and Fig. 4 with the color scale. All our MD simulations are 

performed using LAMMPS 44. We use VMD 45 to visualize the atomic structures, dynamics and 

stress distributions. 

2.5 Post-simulation Analysis 

 

The simulation results are outputted every 100 fs. The stress is computed as  

𝜎 =
𝐹𝑡𝑜𝑝

(𝑙 × 𝑡)
(4) 

where σ is the stress in the σ − ϵ plots in Fig. 2, Fig. 3 and Fig. 4. 𝐹𝑡𝑜𝑝 is the force on the fixed 

set of atoms denoted by the green section of the atoms in Fig. 1(a), l is the length of the sample 

and t is the thickness of the sample. 



 The strain, ϵ is computed as  

ϵ = 𝑒𝑟𝑎𝑡𝑒 × Δ𝑡 × 𝑛𝑠𝑡𝑒𝑝𝑠 (5) 

 

where 𝑒𝑟𝑎𝑡𝑒  is the strain rate of the simulation, ∆𝑡 is the timestep of the simulation, and  𝑛𝑠𝑡𝑒𝑝𝑠 

is the number of simulation steps. A brief analysis of the effect of defects with bridge width on the 

strength of the sample is shown in the supplementary information (Fig. S4). We also conducted a 

study with changing crack-tip position, orientation, and the density of bridges in the graphene 

sample. The results and a brief discussion are provided in supplementary information (Section S5) 

 

3. Results 

 

The 𝜎 − 𝜖 plot in Fig 2 (a) summarizes the stress strain relationship with changing height of the 

defects. The inset shows that as we increase the size of the defects the Young’s modulus of the 

sample decreases. We also see that there is a decrease in ultimate stress of the material with defect 

size. As we increase the height of the defects we observe a subtle second loading curve with a 

second stress peak for bridge heights, h >= 5 Å which becomes more prominent with bridge height. 

In the dynamics which is showcased in the Fig. 2(b)-(d) we see the stress distribution with strain. 

Figure 2. The stress-strain and stress dynamics of graphene sheet. (a) The stress strain of graphene with 

changing bridge height. The arrows indicate the relaxed state, the first stress drop and the second stress loading 

from left to right. (b) Dynamics and stress concentration of pristine graphene, h = 0 Å for three strain values. (c) 

Dynamics and stress concentration of small, bridged graphene, h = 20 Å for three strain values. (d) Dynamics and 

stress concentration of high bridged graphene, h = 120 Å for three strain values. It is shown that the crack 

propagation within the pristine graphene and graphene with short bridges (h = 0 Å and h = 20 Å) are similar, and 

long bridges (h = 120 Å) are dissipating the deformation energy by involving more atoms in deformation and 

preventing the propagation of crack at higher strain level (e.g., ε = 0.09). The inset in (a) shows that the material 

Young’s modulus decreases with defects introduction. 

   

  
  
 

     

       

       

         

     

       

       

          

     

       

       

          

   

   

   



For the pristine case Fig 2(b) we see that there is stress concentration at the crack tip at ε = 0.03. 

On increasing the strain this tip drives forward the crack propagation until the material fails. For 

small bridges, h=20 Å like in Fig 2(c) we once again see the stress concentration at the crack tip 

at ε = 0.04. The distribution of stress coincides with the corners of the bridges and hence on further 

strain we see the material fails without a significant second loading. The crack propagation is along 

the bridge corners which guide the material failure as can be seen for ε = 0.05. For larger bridge 

heights, like h = 120 Å as in Fig 2(c) we can see that once that crack tip fails the material is able 

to hinder the crack propagation for ε = 0.07 as the corners of the bridges are far away from the 

initial crack tip. This leads to a deformation of the bridges extensively with a second loading which 

happens because of the maximum amount of load being shared among the bridged structures now 

and with further strain the material fails with crack occurring along the corner of the bridges for ε 

= 0.09. 

This leads to a brittle-ductile like transition for the material which is evident from the stress-strain 

plot in Fig 2(a).   

 

 

We find a similar brittle-ductile transition trend for MoS2 by increasing the h value (Fig. 3). It 

can again be seen that for the stress-strain curve in Fig. 3(a) there is a decrease in Young’s modulus 

for the increasing defect size for the material. We can also see that there are signs of secondary 

loading for h >= 40 Å. This is not as prominent as in the graphene case. It is shown that MoS2, in 

Figure 3: The stress-strain and stress dynamics of MoS2 samples. (a) The stress strain of MoS2 with changing 

bridge height. Moving average of 50 fs to minimize the noise in the stress-strain profile (b) Dynamics and stress 

concentration of pristine MoS2, h = 0 Å for three strain values. (c) Dynamics and stress concentration of small 

bridged MoS2, h = 5 Å for three strain values. (d) Dynamics and stress concentration of high bridged MoS2, h = 

60 Å for three strain values. The yield strain of the sample increases as the height of the defects increases. The 

bridges sustain most of the strain energy as can be seen for h = 60 Å at ε = 0.05.  

 

  
  
 

     

       

       

     

     

       

       

     

     

       

       

        

   

   

   

   



comparing to graphene, is more sensitive to h, as the cracked MoS2 fractures with a lower ultimate 

stress than graphene. For h = 0 Å we see brittle failure in Fig. 3(b) with high stress concentration 

at the crack tip. The influence of stress concentration is also more localized than graphene. This is 

clear from the crack tip propagation which closely follows the center of the sample for ε = 0.05 in 

contrast to graphene where the crack tip moves much longer distance across the sample.  For h > 

0 Å we see that the sample fails with crack propagating along the corner of the bridges, even for 

very short bridges. Fig. 3(c) and 3(d) show that the lower ultimate strain of MoS2 limits the 

deformation of the bridges, making them less stretchable than graphene bridges, but still there is 

clear stress concentration in the bridges (Fig. 3(d)) at ε = 0.05 and therefore the sample is tougher 

than the pristine case. This is evident from Fig. 3(a) as there is no significant reduction in the 

energy dissipation (area below the stress-strain curves) as compared to graphene for small values 

of h <= 10 Å.  

The σ-ϵ plots for MXene is summarized in Fig. 4(a) for various h. We see that the ultimate stress 

decreases with defect size. There is a significant decrease from 10 GPa for pristine case to 5 GPa 

for bridge with height, h = 120 Å. We also see that the material has a ductile failure as compared 

to the previous samples. We notice that the samples with larger defects fail at lower strain values 

of ε = 0.2 for the h = 120 Å as compared to ε = 0.5 for pristine case, h = 0 Å .The failure of MXene 

(Fig. 4(b)) suggests that it is ductile before introducing bridge defects, as shown by the shear band 

Figure 4. The stress-strain and stress dynamics of MXene, Ti3C2 samples. (a) The stress strain with changing 

bridge height. Moving average of 100 ps window to minimize the noise in the stress strain profile (b) Dynamics 

and stress concentration of pristine MXene, h = 0 Å for three strain values. (c) Dynamics and stress concentration 

of small bridged MXene, h = 20 Å for three strain values. (d) Dynamics and stress concentration of high bridged 

MXene, h = 120 Å for three strain values. There is a decrease in the ultimate strength of the sample with increasing 

bridge height in (a). The ductile nature of the sample with defect tolerance is clear from a secondary crack 

propagation from the center instead of the crack tip, panel  (b), (c) and (d) for ε = 0.25, ε = 0.27 and ε = 0.25 

respectively. 

 

  
  
 

     

       

       

     

     

       

       

      

     

       

       

        

   

   

   

   



along the 45 in front of the crack tip and the strong necking behavior before material rupture (ε = 

0.25, 0.53), making MXene very different from the previous two samples. Furthermore, it is shown 

that the material is not sensitive to defects since the crack does not spread from the tip of the crack 

(ε = 0.25). Instead, a daughter crack initiates from the center of where the ±45 shear bands meet 

and dominates the material failure. For short bridges h = 20 Å we can see in Fig. 4(c) that the 

defects far from the initial crack is healed for ε = 0.27 and stress is not concentrated at the bridge 

corners and the material opens at the bridge center and then propagates through for ε = 0.55. In the 

case of long bridges h = 120 Å we see in Fig. 4(d) that instead of the corners the material fails at 

the center of the bridges after ‘thinning’ of the bridges for ε = 0.25. There is no brittle to ductile 

transition and the sample is always ductile with heavy deformation as is clear from the healing of 

the defects by neighboring molecules.  

 

4.Discussion 

We summarize the toughness modulus of these cracked materials, by integrating the area under 

the stress strain curve, as a function of the bridge height in Figs. 5(a)-(c). These values reflect the 

energy release rate normalized by the same sample height (b). It is shown that for graphene (Fig. 

5(a)) there is a rapid increase in dissipation energy which becomes with increasing defect size. 

Similar is the case with MoS2 with steady increase shown in Fig. 5(b). For MXene, we see a slight 

increase and then a sharp decrease in the energy for Fig. 5(c).  

 

 

4.1 Calculation of energy dissipation 

We developed a mathematical model to better illustrate how the bridge dimensions contribute 

to energy dissipation in different 2D materials. We noticed that there are two mechanisms that 

account for the energy release during the fracture process. Firstly, the release of the deformation 

energy of the high-stress region after fracture and secondly the free surface (bond breaking) created 

during the fracture process, as illustrated in Fig. 5(d), while both the high-stress region and the 

total crack path length vary with the bridge dimensions. By considering the combination of both 

terms we can quantitatively explain the total energy release as a function of the 2D materials with 

bridge structures. 

To estimate the deformation energy stored inside the bridged material before rupture, we 

generally consider the bridges as porous features, and the material stiffness and strength is given 

by the scaling law of open-cell porous materials (Gibson) 

𝐸 = (
𝜌

𝜌0
)

2

𝐸0 (6) 

      

𝜎𝑈 = (
𝜌

𝜌0
)

1.5

𝜎𝑈0 (7)  

where E, 𝜎𝑈, 𝜌 are the Young’s modulus, ultimate strength and density of porous material, 

respectively. 𝐸0, 𝜎𝑈0, 𝜌0 are the corresponding physical properties without pores. According to the 

geometry of the bridged 2D material, it is noted that for the sample  
𝜌

𝜌0
= 1 −

𝑤ℎ

𝑑𝑏
  (8)   



 Where h and d are the height and periodic width of the bridge structure, b is the total height of 

the sample and w is the width of each gap. Eq. (8) is essentially the effective density of the sample 

with the porous bridge structure (𝑤ℎ/𝑑𝑏) subtracted from the total bridge (𝑑𝑏/𝑑𝑏 =  1) . 

The deformation in the bridges is given by Eq. (9). which is the effective density of the bridge 

structure   

ρ

ρ0
= (

ℎ(𝑑 − 𝑤)

𝑑𝑏
) (9) 

By considering Eq. (6) ~ (9), the deformation energy denoted by the expression of the form 

𝑈𝑑𝑒𝑓 =
1

2

σ2

𝐸
, that dominates small h can be computed by treating the defects as voids and is given 

by Eq. (10) 

𝑈1𝑎 = (1 −
𝑤ℎ

𝑑𝑏
)

σ2

2𝐸
(10) 

and the deformation energy that dominates large h can be computed by summing the energy of 

the highly deformed region between two neighboring bridges as in Eq. (11). 

𝑈1𝑏 = (
ℎ(𝑑 − 𝑤)

𝑑𝑏
)

σ2

2𝐸
(11) 

From the schematics in Fig. 5(d) and Fig. 1(a) the energy release by considering the free surface 

during fracture, denoted by dotted red lines in Fig. 5(d) of the sample, for short bridges is given 

by Eq. (12) 

𝑈2𝑎 =
γ ∫ 𝑑 𝑙

𝑉
=

γ𝐿 (1 +
ℎ
𝑑

)

𝑏𝐿𝑡
=

γ (1 +
ℎ
𝑑

)

𝑏𝑡
(12) 

For energy release in case of long bridges due to bond breaking is in Eq. (13) 

𝑈2𝑏 =
γ (1 −

𝑤
𝑑

)

𝑏𝑡
(13) 

where 𝛾 with unit of energy/length is the surface energy of the 2D material, t is the thickness of 

the 2D material, V is the volume of the sample and 𝑑𝑙 is the length elements along the crack path. 

In Eq. (12) the length element contribution is shown in Fig. 5(d) for the smaller bridges which 

shows that the crack path is along the height of the bridges. Similarly, the contributions for the Eq. 

(13) is across the corners of the bridges.  

The symbols have the same meaning as shown in Fig 1(a), and σ, E and γ are the ultimate stress, 

Young’s modulus, and the surface energy of the 2D materials with units of energy per unit length, 

that are obtained from individual MD simulations with their numerical values summarized in the 

supplementary material (in Table S1 and Fig. S5). Combining these two equations using simple 

mixed mode we have the total energy release given by  

U = (1 −
ℎ

𝑏
) (α𝑈1𝑎 + 𝑈2𝑎) + (

ℎ

𝑏
) (β𝑈1𝑏 + 𝑈2𝑏) (14) 

where for small h the crack propagation around the bridges dominates along with the deformation 

at crack tip whose strength is controlled by the parameter α. For large h, the crack propagation at 

the corner of the bridges is dominant along with the deformation of the bridges whose strength is 

controlled by parameter ß.     

 



We used this function to best fit the dissipation energy by determining the α and ß values for 

each of the three materials. The numerical values are summarized in the supplemental information 

(Table S1) and the fitting results are summarized in Fig. 5 with the green dotted lines. For graphene 

we see that there is good agreement with rapid increase followed by a gradual increase in energy 

with increasing height. We observe a consistent rise in the dissipation energy for MoS2, which is 

attributed to its high brittleness and low flexibility, resulting from a lower ratio of ultimate strength 

to Young’s modulus as compared to graphene. On the other hand, in MXene, we observe a slight 

increase in energy for small h, followed by a steady decrease, but there is a lack of good agreement 

for large h in this case. This could be attributed to the highly ductile and defect-resistant nature of 

MXene, which makes it challenging to accurately predict the volume of deformation and 

propagation of crack surfaces. Details about the parameters and values are provided in the 

supplemental information (Fig. S5 and Table S1). 

Hence, we see that for brittle materials, like graphene and MoS2, it is favorable to have bridge 

defects with larger h as it increases the strength of the material with its second loading mechanism. 

Smaller bridge heights, h ~ 5 Å, as seen in graphene can lead to lower material strength due to the 

interaction between the stress concentrations at crack tip and bridge corners. For a less stretchable 

material like MoS2 this effect is less pronounced for smaller defects and bridges with smaller 

heights can also increase material strength. For a ductile material like MXene, we see that having 

smaller or no defects is best for material strength. Larger defects effectively reduce the material 

Figure 5. The dissipation energy (solid line is the simulation result and dashed green lines are for the theoretical 

prediction with fitted parameters) with changing bridge height and material mechanics. (a) is for graphene sample. 

(b) is for MoS2 and (c) is for MXene. (d) Three ways for energy dissipation. (i) is for pristine materials (h = 0 Å) 

where there is bond breaking denoted by red dotted lines and the deformation of the entire sample denoted by the 

yellow color. (ii) is for small h, there is propagation of crack around the bridges and there is deformation of the 

bridges denoted by yellow. (iii) is for large h, the bond breaking is at the corners of the bridge and there is 

deformation energy is primarily stored in the long bridges 



 integrity and its ultimate strength. This is the opposite to the effects on ductile materials. 

Therefore, we see that the design of these bridge-like defects needs to be catered according to the 

material properties. 

 

 

5.Conclusion 

Our study employs full atomistic simulations to investigate the fracture mechanics of ultrathin 

architected sheets of graphene, monolayer MoS2, and MXene under uniaxial tensile strain. Our 

findings demonstrate that the incorporation of bridged defects can enhance the toughness of these 

samples compared to the pristine counterparts, in most cases. Notably, for brittle materials such as 

graphene and MoS2, the increase in toughness can be as high as 50%. However, for ductile 

materials like MXene, this trend is not observed due to its high ductility and low sensitivity to 

defects. 

We also developed a theoretical model to predict the energy dissipation based on material 

deformation and surface crack propagation. Our findings indicate that for small-height defects, 

surface crack propagation contributes more to the energy dissipation, while the overall sample 

deformation plays a smaller role. As the height of the bridges increases, the deformation in the 

long bridges allows for a larger portion of the sample to dissipate strain energy, which dominates 

over crack propagation. Specifically, we observe a steady decrease followed by an increase in 

energy dissipation with increasing defect height for highly flexible graphene samples. However, 

for MoS2, we see a more aggressive increase in material strength due to its low Young's modulus 

and deformation. In contrast, for MXene, we observe a slight increase for small defects followed 

by a sudden decrease due to the sample's ductility. These trends demonstrate the applicability of 

the theoretical predictions to the various samples. 

Previous studies have focused on reinforcing 2D materials such as graphene, MoS2, and MXene 

by introducing point defects and composite materials to improve their mechanical strength. 

However, our current study demonstrates that the incorporation of architected defects alone can 

enhance the strength of these highly versatile ultrathin materials. These simulations and theoretical 

analyses provide a foundation for fabricating stronger 2D materials. While fabricating these 

defects remains a challenging task, our findings serve as further experimental motivation for the 

fabrication and testing of these novel architected materials for various applications. 
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