
Advances in Nano Research, Vol. 12, No. 5 (2022) 529-547 
https://doi.org/10.12989/anr.2022.12.5.529 

Copyright ©  2022 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=journal=anr&subpage=5                                                  ISSN: 2287-237X (Print), 2287-2388 (Online) 

 
1. Introduction 
 

Graphene has been a center of attraction for the last few 

decades to the research community owing to its versatile 

capabilities in numerous domains (Song et al. 2016, 

Adhikari and Chowdhury 2012, Fazelzadeh and Ghavanloo 

2014, Kashyap et al. 2020, Sharma et al. 2021, Cui et al. 

2016, Wong et al. 2019). Ever since graphene is physically 

realized (Geim and Novoselov 2010) and experimentally 

characterized (Lee et al. 2008), it has been explored 

extensively to harness its extraordinary mechanical 

characteristics of mechanical strength, stiffness and low 

density along with other unprecedented multi-physical 

features that have proven its worth in materializing novel 

classes of composites (Stankovich et al. 2006, Kwon et al. 

2017, Li et al. 2018, Shingare et al. 2019, Chandra et al. 

2022, Nasker et al. 2022). High-velocity impact is the 

physical phenomenon that is often encountered during 

space exploration and military combat. The exceptional 

intrinsic strength and stiffness with low mass density make 

graphene a potential candidate for the development of 

ballistic protection materials. In this regard, Avila et al.  
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(2011) reported an increase in ballistic impact resistance 

with the addition of graphene nanoparticles in the hybrid 

nanocomposites. Similarly, O’Masta et al. (2017) 

investigated the impact resistance of multilayer graphene 

(MLG) and polyvinyl alcohol (PVA) based composite and 

observed that the ballistic limit of the composite was 50% 

higher than the aluminium films. In 2014, Lee et al. (2014) 

carried out a miniature projectile impact test on the 

multilayer graphene (MLG) sheets with a thickness in the 

range of 10 to 100 nanometers. They observed that the 

specific penetration energy (Ep
*) of MLG is 10 times higher 

than the macroscopic steel at the projectile velocity of 600 

meters per second. These experimental findings have drawn 

the attention of the research community to explore the 

behaviour of graphene further subjected to high-velocity 

impact.  
Molecular dynamics (MD) simulation is one of the most 

economical and feasible options to characterize nanoscale 
materials (Gupta et al. 2020, Roy et al. 2021, Shahini et al. 
2021, Lin et al. 2017, Sunnardianto et al. 2021, Farazin and 
Mohammadimehr 2020, Sha’bani and Rash-Ahmadi 2021). 
The MD simulations of nanoscale high-velocity impact tests 
have been in practice in the research community for a wide 
range of materials for the last few years, a few of these 
studies revealed the understanding of failure mechanism, 
stress wave propagation, and perforation behaviour of 
nanoscale materials subjected to high-velocity ballistic  

 
 
 

High-velocity ballistics of twisted bilayer graphene under stochastic disorder 
 

K. K. Gupta1, T. Mukhopadhyay2, L. Roy1 and S. Dey1 
 

1Department of Mechanical Engineering, National Institute of Technology Silchar, Silchar, India 
2Department of Aerospace Engineering, Indian Institute of Technology Kanpur, Kanpur, India 

 

(Received September 20, 2021, Revised November 11, 2021, Accepted March 18, 2022) 

 
Abstract.  Graphene is one of the strongest, stiffest, and lightest nanoscale materials known to date, making it a potentially 

viable and attractive candidate for developing lightweight structural composites to prevent high-velocity ballistic impact, as 

commonly encountered in defense and space sectors. In-plane twist in bilayer graphene has recently revealed unprecedented 

electronic properties like superconductivity, which has now started attracting the attention for other multi-physical properties of 

such twisted structures. For example, the latest studies show that twisting can enhance the strength and stiffness of graphene by 

many folds, which in turn creates a strong rationale for their prospective exploitation in high-velocity impact. The present article 

investigates the ballistic performance of twisted bilayer graphene (tBLG) nanostructures. We have employed molecular 

dynamics (MD) simulations, augmented further by coupling gaussian process-based machine learning, for the nanoscale 

characterization of various tBLG structures with varying relative rotation angle (RRA). Spherical diamond impactors (with a 

diameter of 25Å ) are enforced with high initial velocity (Vi) in the range of 1 km/s to 6.5 km/s to observe the ballistic 

performance of tBLG nanostructures. The specific penetration energy (Ep
*) of the impacted nanostructures and residual velocity 

(Vr) of the impactor are considered as the quantities of interest, wherein the effect of stochastic system parameters is 

computationally captured based on an efficient Gaussian process regression (GPR) based Monte Carlo simulation approach. A 

data-driven sensitivity analysis is carried out to quantify the relative importance of different critical system parameters. As an 

integral part of this study, we have deterministically investigated the resonant behaviour of graphene nanostructures, wherein the 

high-velocity impact is used as the initial actuation mechanism. The comprehensive dynamic investigation of bilayer graphene 

under the ballistic impact, as presented in this paper including the effect of twisting and random disorder for their prospective 

exploitation, would lead to the development of improved impact-resistant lightweight materials. 

Keywords:  ballistic performance; coupled molecular dynamics simulation; Gaussian process regression; Monte Carlo 

simulation; twisted bilayer graphene 
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impact (Dewapriya and Miller 2021, Noori et al. 2021, 

Dewapriya and Meguid 2019, Bizao et al. 2018, Hosseini-

Hashemi et al. 2018, Azevedo et al. 2018, Xia et al. 2016, 

Haque et al. 2016). Likewise, Yoon et al. (2016) 

investigated the specific penetration energy (Ep
*) of perfect 

and defected graphene sheets by penetrating graphene with 

silica and nickel nanoparticles. Tian et al. (2019) performed 

the finite element and MD based nano impact test on the 

hexagonal boron nitride (hBN) sheets and deduced that the 

impact strength of hBN is superior to the conventional 

armour materials.  

The bilayer/multilayer graphene nanostructure has also 

been found to be a superior material to absorb the high 

kinetic energy (O’Masta et al. 2017, Haque et al. 2016). 

The effective mechanical properties of graphene-based 

multilayer heterostructures are found to become programmable 

as the number of layers increases (Mukhopadhyay et al. 

2017a, b). It has been reported by Zheng et al. (2019) that 

the intrinsic strength and stiffness of bilayer graphene 

(BLG) can be enhanced by twisting the top layer with 

respect to the bottom layer in some relative rotation angle 

(RRA). Mukhopadhyay et al. (2020) proposed a prospective 

modulation capability of elastic modulus for twisted bilayer 

 

 

van der Waals heterostructures corresponding to the 

variations in twist angle. To this end, a few groups 

investigated the sustainability of twisted bilayer graphene 

(tBLG) structures against hypervelocity impact by nano-

projectiles. For instance, Peng et al. (2021) twisted the top 

layer of BLG with nine different angles in the range of 0o to 

30o and carried out the high-velocity impact test on the 

tBLG structures. They concluded that the tBLG structures 

were able to withstand higher impact velocities in 

comparison to AA (RRA = 0o) stacked BLG. Similarly, Qiu 

et al. (2020) carried out the series of atomistic simulations 

of nano impact test on tBLG structures comprising six 

different cases of twisting angles (within 0o to 30o) and 

deduced that the rebound velocity of projectile decreases as 

the twisting angles of tBLG structure increases. A much 

more detailed investigation on the high-velocity impact of 

twisted bilayer structures with the increased instances of 

twisting angles was carried out by Yang and Zhang (2021), 

wherein they investigated the tBLG and twisted graphene-

hBN bilayer structures. 

The brief literature review presented in the preceding 

paragraphs summarizes the most recent studies performed 

to characterize the ballistic response of twisted bilayer 

 
Fig. 1 Ballistics of twisted bilayer graphene; (A) Representation of relative rotation angle (RRA) and impact velocity 

in the stipulated range for performing MD simulation of impact analysis (B) Integration of MCS, MD simulations and 

ML algorithm to deduce the deep data-driven computational insights for the ballistic performance of tBLG structures 

(C) Complete penetration of SLGS (200 Å  x 200 Å ) at the initial impact velocity of 5 km/s (D) Complete penetration 

of AA stacked BLG (200 Å  x 200 Å ) at the initial impact velocity of 7 km/s. The post-impact alteration in the colour 

of the impactor indicates the variation in its velocity. 
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structures. It is noteworthy to mention that the studies so far 

carried out are restricted to few discrete values of twisting 

angles and the impact velocities. To have complete insight 

into the material behaviour it is essential to gather the 

responses for large-scale unknown sample points within the 

occurrence bounds of the considered parameters (Gupta et 

al. 2021, 2022a, b, Mukhopadhyay et al. 2016, Mahata et 

al. 2016, Yin et al. 2021, Trinh and Mukhopadhyay 2021). 

For addressing this issue, in the present study, we would 

integrate the MD simulation approach with Monte Carlo 

sampling (MCS) and Gaussian process machine learning 

(ML). In the first stage, the MCS based samples of control 

parameters associated with the study (relative rotation angle 

(RRA) and initial velocity of impactor (Vi)) would be 

(algorithmically-) generated within the stipulated range of 

variation. A series of MD simulations would be performed 

for the generated samples, providing the sample space for 

training, testing and validation of the GPR based ML 

model. The generalization capability of the ML model 

would further be assessed on the basis of percentage error 

between the original and predicted responses. The present 

study aims to focus on the ballistic performance of 

considered tBLG structures in terms of specific penetration 

energy (Ep
*) and post-impact residual velocity of the 

impactor (Vr). The effect of random disorder in the 

influencing sources would be accounted for by carrying out 

Monte Carlo simulations involving multiple stochastic 

system parameters. Carrying out direct MCS based MD 

simulations is an exorbitant task considering the 

computational expense associated with each of the MD 

simulations. The powerful generalization capability of the 

ML-based model would be utilized to predict the responses 

for a large number of samples (~104) for this purpose, based 

on which the intricate ballistics of tBLG structures would 

be revealed that otherwise would have remained 

unexplored. Thus the novel scientific contribution of this 

paper can be perceived in capturing and prospective 

exploitation of the complete continuous domain of twisting 

angles along with the effect of random system disorder for 

the ballistic performances of tBLG structures by integrating 

a data-driven ML approach with conventional MD 

simulations (refer to Fig. 1). Hereafter, the paper is 

organized as: section 2 provides all necessary details for the 

coupled simulation, section 3 presents detailed numerical 

results and discussion, and finally concluding remarks are 

provided in section 4. 

 

 

2. Modelling and simulation 
 

The accuracy and ingenuity of the results obtained from 

the MD simulations greatly depend on the adopted 

interatomic potential. In the present study, we have utilized 

the AIREBO-Morse force field to model the graphene 

sheets, wherein the Lennard-Jones potential in the 

conventional AIREBO force field is replaced with Morse 

potential to correctly mimic the high-pressure deformation 

and breaking of bonds (Shoaib et al. 2021, Haque et al. 

2016). The AIREBO-Morse potential can be mathematically 

represented as 

Table 1 Range of variation in the control variables 

associated with the present study 

Control variables Range of variation 

Relative rotation angle (RRA) 0o–30o 

Velocity of impactor (Vi) 1 km/s – 7 km/s 

 

 

 
(1) 

where 

 

 

and the morse term can be represented as 

 (2) 

The parameters ɛ and req denote minimum energy terms 

(depth and location) and α denotes the modified curvature 

of the potential energy with the minimum separation 

(O’Connor et al. 2015). The interlayer distance between the 

two layers of graphene is kept at 3.4 Å , and the separation is 

modelled with the Lennard-Jones potential with energy 

parameter as 0.00239 eV and distance parameter as 2.5 Å  

(Zhang et al. 2021). The spherical diamond impactor in the 

present study is modelled with Tersoff (Tersoff 1988) force 

field as it is the best-suited potential to model C-C 

interaction in the diamond. The distance between the 

considered graphene structures (SLGS and BLG) and the 

centre of the spherical diamond impactor is maintained as 

75 Å  in every case. The interaction between graphene 

structure and spherical diamond impactor is modelled with 

the morse force field. 

The MD simulations are performed in LAMMPS 

(Plimpton 1995) environment and the dumped trajectories 

are visualized in OVITO (Stukowski 2009). The graphene 

structures are primarily generated through VMD 

(Humphrey et al. 1996), which are later customized as per 

the twisting angle in MATLAB (2018). The clockwise 

rotation of the top layer is carried out as  

 
(3) 

where Xi and Yi are the x and y coordinates of the top layer, 

Tx and Ty are the mid coordinates of the top layer and θ 

corresponds to the twisting angle. The control variables 

considered in the present study and their corresponding 

range of variation are presented in Table 1.  

A dataset with algorithmically generated 128 samples is 

constructed first within the stipulated range of variation for 

the two system parameters mentioned in Table 1. Further, 

MD simulations of nanoscale impact are carried out for 

each of these instances. To perform the simulations, all four 

edges of the considered graphene structures are clamped up 

to the width of 5Å  by setting the force and velocity  
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Fig. 2 The boundary conditions adopted in the impact-

induced free vibration study. (A) CCCC denotes that all 

edges are clamped (B) CCFF denotes that two opposite 

edges are clamped and the other two edges are kept free 
 

 

components to zero. An iteration time step of 0.5 

femtoseconds (fs) is adopted for the MD simulation. Prior 

to running the nanoscale impact simulations, the potential 

energy of the structure is minimized with the conjugate 

gradient method. The minimization is performed for 25 ps. 

Further, the structure is thermalized at room temperature (≈ 

300 K) using a Berendsen thermostat for the next 25 ps. 

Once the structure is relaxed at room temperature, the 

structure is impacted with a rigid spherical diamond 

impactor under an NVE ensemble. The impact simulations 

are carried out for another 20 ps. To derive the ballistic 

responses, the variation in the kinetic energy and the post-

impact residual velocity of the spherical impactor are 

observed.  

 

2.1 Specific penetration energy (Ep
*) and post-impact 

residual velocity of the impactor (Vr) 
 
Specific penetration energy may be defined as the 

kinetic energy of the impactor dissipated by the material 

subjected to the high-velocity impact with respect to the 

unit mass of the material in the impact zone. The 

mathematical formulation of Ep
* may be represented as 

(Dewapriya and Miller 2021) 

 (4) 

where KEi and KEr denote the initial and residual kinetic 

energy of the impactor, respectively. The values of KEi and 

KEr are estimated by observing time-history of the kinetic 

energy of the impactor, as shown in figure S1(B) of the 

Appendix. The term M in the denominator denotes the mass 

of the impactor zone. The mass of the impactor zone is 

determined by the following equation 

 (5) 

where R denotes the radius of the impactor zone (same as 

impactor), Nl denotes the number of layers, and ρA denotes 

the area density of graphene, which is taken as 0.77x10-6 

kg/m2 (Haque et al. 2016) in the present study.  

The residual velocity of the impactor is determined by 

observing the post-impact trajectory of the spherical 

impactor (as presented in Fig. S1(A) of the Appendix). The 

negative sign of residual velocity indicates the rebound of 

the impactor, whereas the positive sign indicates a complete 

penetration. Hence, the sign of residual velocity is only 

considered to indicate the direction of post-impact 

movement of the impactor. 

 

2.2 Impact-induced resonant behaviour of graphene 
structures 

 

It is observed that the ballistic impact of diamond 

impactor induces a free vibration phenomenon in the 

considered graphene nanostructures. So far, a vast amount 

of studies have been carried out to deduce the resonant 

behaviour of graphene (Tian et al. 2017, Kwon et al. 2013, 

Kang et al. 2013). However, these studies used different 

mechanisms of excitation. In the present study, we have 

carried out a deterministic analysis taking length (200Å -

600Å , with constant width 200Å  in all cases), Vi (1 km/s-4 

km/s), and boundary conditions (CCCC-CCFF) as the 

control parameters, wherein we have excited the considered 

nanostructures with high-velocity impact of the spherical 

diamond impactor (with diameter 25 Å ). The boundary 

conditions adopted in the analysis corresponding to 

resonant behaviour of graphene structures are illustrated in 

figure 2. It can be noted here that all the ballistic impact 

performances are measured by enforcing CCCC boundary 

conditions alone while the resonant frequency of the 

structures is deduced using both the above-mentioned 

boundary conditions for the sake of more clarity. The free 

vibration simulations are performed with the same initial 

conditions as used for impact simulations. However, after 

running the impact simulation for 15ps, the spherical 

diamond impactor is removed and the free vibration of 

graphene nanostructures is performed with NVE ensemble 

for 500 ps. During the free vibration of graphene 

nanostructures, the time-history of variation in kinetic 

energy of the structure is captured and the time-domain 

signal is converted to the frequency domain by performing 

its fast Fourier transform (as shown in Fig. S2(A-B) of 

Appendix). Subsequently, the resonant frequencies are 

estimated corresponding to the peaks of the amplitudes. 

 

2.3 GPR based ML model 
 

The dataset for training, testing and validation of the ML 

model is constructed by employing an algorithm-driven 

sampling technique, wherein a uniform distribution of 

samples is followed within each parametric range for the 

required number of samples (128 in the current case). The 

mathematical formulation of sampling can be represented as 

follows  

 (6) 

where (φmax – φmin) stands for the range of variation of the 

control parameter, φmin represents the minimum value of the 

control parameter, and ri denotes the random number drawn 

from the probabilistic distribution in the range of 0 to 1. The 

variable φi provides the ith realization of the sampled 

parameter, where i (1:N), N denotes the total number of 

samples considered. 

* i r
p

KE KE
E
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The responses are collected by performing the MD 

simulation corresponding to 128 samples. The resulted 

dataset is further utilized to train and test the GPR based 

ML model. To enforce simultaneous training-testing and 

prevent over-fitting, the 5-fold cross-validation algorithm is 

used. The 5-fold cross-validation scheme splits the dataset 

into five sets, wherein at a time only four sets are used for 

training the model and the remaining one set is used for 

testing. The GPR based model is trained by using 

‘Matern52’ as the kernel function and ‘quasinewton’ 

optimization to optimize the training process. The ‘Random’ 

active set method is employed for regression by enforcing 

‘Exact’ fit and predict method. The goodness of fit of the 

model is assessed by correlation coefficient (R2 value), 

while the predictive accuracy of the model is assessed on 

the basis of percentage error in the responses derived from 

direct MD simulation and the ML prediction corresponding 

to unseen random testing datasets (Gupta et al. 2021, Burn 

and Popelier 2020, Deringer et al. 2021). A detailed 

description of GPR based model along with its 

mathematical formulation is provided in section A2 of the 

Appendix. 
 

 

3. Results and discussion 
 

Validation of the findings obtained from the MD 

simulations is an integral part of nanoscale characterization. 

In this regard, we have carried out a few sets of simulations 

to validate the derived values of Ep
*. The findings of the 

validation are reported in Table 2, wherein an excellent 

agreement between the current results and literature can be 

observed. With the adequate confidence established by such 

validation studies, we would further dive in-depth to 

comprehensively assess the high-velocity ballistic performance 

 

 

of graphene structures considering different critical 

parametric influences. In the following subsections, we 

have reported the ballistic and impact-induced resonant 

behaviour of single-layer graphene sheet (SLGS), bilayer 

graphene (BLG), and twisted bilayer graphene (tBLG) 

structures. 

 

3.1 Ballistic performance of SLGS 

 

In this analysis, a square-shaped SLGS with the size of 

200 Å  x 200 Å  is impacted with a spherical diamond 

impactor having a diameter of 25Å . The distance between 

centre of the spherical impactor and SLGS is kept 75Å . The 

initial velocity of the impactor is varied from 1km/s to 

7km/s at the interval of 0.5km/s. The findings of the high-

velocity impact on the SLGS are illustrated in figure 3 (also 

refer to figure S3, for further visualization). The residual 

velocity of the spherical impactor corresponding to different 

impact velocities is plotted in figure 3(A). The negative sign 

of residual velocity corresponds to the rebound stage, while 

the positive residual velocity denotes the complete 

penetration of SLGS. It is noteworthy from figure 3(A) that 

the complete penetration of SLGS occurs at the impact 

velocity of 5 km/s, supporting the observation made by 

Yoon et al. (2016). It also clearly depicts that the limiting 

velocity for the SLGS impacted with the spherical diamond 

impactor of diameter 25 Å  lies in between the transitional 

regime of 4.5 km/s and 5 km/s. The Ep
* value of each case 

is reported in Fig. 3(B), wherein it is evident that Ep
* 

increases as the impact velocity increases. The peak appears 

at 5 km/s; beyond the impact velocity of 5 km/s, stagnation 

in the rise of specific penetration energy of SLGS is 

recorded. To explore the complete penetration of SLGS 

subjected with high velocity (beyond 5 km/s) impact, the 

time-history of lateral displacement of SLGS is observed  

Table 2 Comparison of the Ep
* reported in the literature and obtained in the present investigation. (Nl = no. of 

layers, Di = Diameter of impactor, Vi = impact velocity in m/s, Ep = penetration energy, Ep
* = specific penetration 

energy) 

Literature Nl Di Vi (m/s) Ep (eV) Ep
* (MJ/kg) 

Lee et al. (2014) Exp. 127-154 3.7 µm 600, 900 - 1.09, 1.26 

Bizao et al. (2018) MD 1 140 Å  900 - 15 

Yoon et al. (2016) MD 1 48 Å  5000 - 42 

Xia et al. (2016) MD 1 50 Å  2000 1745 - 

Xia et al.(2016) MD 1 68 Å  2000 4156 - 

Haque et al.(2016)MD 1 12.1 Å  5000 - 40.8 

Haque et al.(2016)MD 2 12.1 Å  5000 - 25.2 

Replication of Xia et al.(2016) 1 50 Å  2000 1986.49 - 

Replication of Xia et al.(2016) 1 68 Å  2000 4197.51 - 

Replication of Haque et al.(2016) 1 12.1 Å  5000 - 49.9 

Replication of Haque et al.(2016) 2 12.1 Å  5000 - 23.6 

Present study (MD) 1 25 Å  2000 - 12.85 

Present study (MD) 1 25 Å  5000 - 75.07 

Present study (MD) 2 25 Å  2000 - 7.25 

Present study (MD) 2 25 Å  5000 - 45.15 
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(refer to Fig. 3(C)). The sudden drop of the curve depicted 

in Fig. 3(C) denotes the complete penetration of SLGS. It is 

evident from the plot that as the impact velocity increases 

beyond 5 km/s, the time of complete penetration shifts 

toward the left, indicating an early failure of SLGS 

subjected to increment in impact velocity from 5 km/s to 7 

km/s.  

In the preceding analysis, the rigid diamond impactor is 

impacted at the centre of SLGS (X = 100 Å , Y = 100 Å ) in 

all the cases. To assess the influence of location of impact 

on the ballistic performance of graphene structure, four 

different impact locations (XA = (80,100), XB = (60,100), 

YA = (100,80), and YB = (100,60)) are selected (the four 

locations used are depicted pictorially in the inset of Fig. 

3(D)). These four locations are impacted with the impact 

velocity of 3 km/s with the rigid spherical diamond 

impactor. The variations in the residual velocity of the 

impactor and specific penetration energy of SLGS 

corresponding to the location of impact are presented in Fig. 

3(D). It is evident from the observation that the impact at 

the locations XA and XB results in lower Vr values of the 

impactor and higher Ep
* values of SLGS, when compared 

with the cases of impact at the centre, YA and YB locations. 

This can be explained by the observations made by Haque 

 

 

et al. (2016), wherein they reported lower stress wave 

velocity at the impact points towards X direction when 

compared with the impact points towards the Y direction. 

The higher stress wave velocity generated in the material by 

high-velocity impact contributes to a higher rebound 

velocity of the impactor. 

In the previous studies, the complete penetration of 

SLGS at relatively lower impact velocities (≈ 1km/s to 2 

km/s) has been reported (Bizao et al. 2018, Haque et al. 

2016). To address this discrepancy, we carried out a few 

simulations with gradually increasing the diameter of the 

impactor. The SLGS with the size of 500Å  x 500Å  is 

adopted in this study with a decreased timestep of 0.1 

femtoseconds and the diameter of the impactor is increased 

gradually from 25Å  to 150Å  (25, 50, 75, 100, and 150 Å ). 

The distance between the spherical impactors and the SLGS 

is maintained same as in the earlier simulations. The 

timestep is decreased in the present set of simulations to 

accurately deduce the findings as the number of atoms is 

elevated in this analysis (Dewapriya and Miller 2021). The 

initial velocity of the impactor is kept at 2 km/s for each 

instance. The findings drawn from the impactor size- 

dependent analysis are illustrated in Fig. 4. It is evident 

from Fig. 4(A), that as the diameter of the impactor is 

 

Fig. 3 Ballistic performance of SLGS. (A) Variation in residual velocity of the impactor with respect to the increase in 

initial impact velocity (B) Variation in specific penetration energy of SLGS with respect to the increase in initial 

impact velocity (C) Time history of complete penetration of SLGS subjected with the impact velocity in the range of 

5 km/s – 7 km/s (D) Variation in Vr and Ep
* of SLGS corresponding to the location of impact (The X-axis presents 

different locations, as shown in the inset) 
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Fig. 4 Influence of impactor size on the ballistic performance of SLGS. (A) Variation in residual velocity and specific 

penetration energy corresponding to the increase in the diameter of the spherical diamond impactor (B) Lateral 

displacement of graphene sheet with respect to the increase in diameter of the spherical diamond impactor 

 
Fig. 5 Ballistic performance of AA and AB stacked BLG. (A) Variation in residual velocity of the impactor with the 

increase in impact velocity for the AA stacked graphene (B) Variation in residual velocity of the impactor with the 

increase in impact velocity for the AB stacked graphene. The green scatter points indicating the ‘R’ stage denote the 

rebound of the impactor without any damage to the BLG structures. The yellow and orange scatter points indicating 

the ‘PP1’ and ‘PP2’ stages denote the partial penetration and rebound of the impactor with damage in the top layer 

and both layers, respectively. The complete penetration is denoted by the ‘CP’ stage, indicated by red scatter points. 

(C) Variation in specific penetration energy of AA and AB stacked BLG (D) Variation in residual velocity of the 

impactor and specific penetration energy of tBLG structures with the increase in RRA. 0o stands for the AA stacked 

BLG and 60o stands for the AB stacked BLG 
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increased to 150 Å , the complete penetration was achieved 

at the velocity of 2 km/s 3 (also refer to Fig. S4, for further 

visualization). For the cases of diameter below 150 Å , the 

residual velocities of the impactor are rebound in nature. It 

can also be observed from Fig. 4(A), that the size of the 

impactor has a positive effect on the Ep
* values of SLGS. 

Fig. 4(B) illustrates the out-of-plane transverse displace-

ment of the SLGS impacted with different sizes of the 

impactor. It is worth noting that the depth of impact cone of 

SLGS increases as the size of the impactor is increased and 

a sharp dive in the curve can be noticed with the case of 

complete penetration. The analysis depicted in Fig. 3(C-D) 

and Fig. 4 are restricted here to the SLGS structure and it is 

expected that the bilayer graphene structures would follow 

the same trend. 
 

3.2 Ballistic performance of BLGs 
 

In this subsection, two different stackings (AA (0oRRA) 

and AB (60oRRA)) of BLG are considered, each with the 

size of 200Å  x 200Å . To limit the computational expense, 

the impactor with a diameter of 25Å  is utilized and the 

initial position of the impactor is maintained at the same 

height as in the previous simulations. The initial impact 

velocity (Vi) is varied in the range of 1 km/s to 7 km/s. The 

quasi-random dataset (with the variation in impact velocity) 

with 128 samples is constructed for each case of stacking to 

prepare a sample space of 256 samples in total. In the next 

stage, the MD simulations are carried out for the 

constructed 256 instances. The findings of these MD 

simulations are illustrated in Fig. 5.  

Figs. 5(A) and 5(B) presents the scattered data of the 

residual velocities for AA and AB stacked BLG, 

respectively with the variation in initial impact velocity. The 

distinctive colour patterns of scatter points represent 

different stages of post-impact scenarios. The impact 

velocity domain covered by green scatter points depicts the 

rebound stage without any damage to the BLG structure ‘R’ 

and the corresponding residual velocity of the impactor. 

Likewise, the impact velocity domains covered by yellow 

and orange scatter points denote two different partial 

penetration stages ‘PP1’ and ‘PP2’, wherein PP1 represents 

the partial penetration and rebound of the impactor with 

damage limited to the top layer of BLG and PP2 represents 

the partial penetration and rebound of the impactor with 

damage to both layers of BLG. The red scatter points 

represent the ‘CP’ stage which denotes the complete 

penetration of BLG structures. It is evident from the figure 

that for both the cases of stacking the transition from PP2 to 

CP stage occurs in between the impact velocity of 6.5 km/s 

to 7 km/s. However, the AB stacked BLG depicts less 

occurrence of CP stage when compared with AA stacked 

BLG, indicating the enhanced impact resistance of twisted 

bilayer graphene sheets. From Fig. 5(C) it may be 

concluded that for both the stacking cases the values of Ep
* 

increase with the increase in velocity. It is worth mentioning 

that up to the impact velocity of 6.5 km/s the plots almost 

overlap each other; however, beyond the 6.5 km/s (in the 

CP stage) the scatter in the plots is more visible and the 

former rise in the Ep
* values comes to an asymptotic 

condition (similar to the SLGS). Another conclusion that is 

drawn to this end is that the ballistic performance of AA and 

AB stacked graphene almost matches with each other, but 

AB stacked BLG shows more strength against the CP stage 

in comparison to AA stacked BLG. This leads to a strong 

rationale for exploring the ballistic performance of BLGs 

subjected to the rotated top layer in more detail. In this 

regard, the top layer of the BLG structure is rotated with 

respect to the bottom layer in the range of 0o (AA) to 60o 

(AB) in the interval of 5o. The tBLG nanostructures are 

impacted by spherical diamond impactor with an initial 

impact velocity of 5 km/s. The ballistic performance of 

tBLG structures is reported in Fig. 5(D), and it is evident 

from the findings that the twisted BLG structures depict 

higher specific penetration energy and lower residual 

velocity of the impactor, when compared with the AA 

stacked BLG. The variation pattern displays a sharp rise in 

the ballistic performance of tBLG structures within the RRA 

of 0o to 5o, followed by almost constant ballistic 

performance measures in between the span of 5o to 55o 

RRA, and the ballistic measures are again slightly increased 

at 60o (AB). The sharp rise in the ballistic performance 

observed within the twist angle of 0o-5o is further explored 

deterministically to capture the accurate variation trend of 

residual velocity and specific penetration energy of tBLG 

structures (refer to the inset provided in Fig. 5(D). The plots 

reveal that even the slightly twisted BLG structures result in 

better ballistic performances, when compared with AA 

stacked BLG. This concludes that the twisted structures 

dissipate the maximum kinetic energy of high-velocity 

impactor when compared with AA stacked graphene 

structures. It can be explained by an increase in intrinsic 

mechanical properties and increased kinetic energy 

dissipation of the tBLG structures (Zheng et al. 2019, Peng 

et al. 2021). To explore the deep insights of ballistic 

performance of tBLG structures a separate MCS based 

sample space with 128 instances is fed to the GPR based 

ML model, considering RRA as another control variable 

along with Vi, which is presented in the later stage of 

subsection 3.4. 
 

3.3 Impact induced resonant behaviour of graphene 
nanostructures 

 

In this subsection, we have first validated the resonant 

behaviour of single-layer graphene nanoribbon (GNR) with 

the results published in previous literature. Moving ahead, 

we have utilized the excitation mechanism of high-velocity 

impact to deduce the resonant behaviour of graphene 

structures considered in the present study. The complete 

methodology to estimate the resonant frequency of the 

nanostructures is elaborated in subsection 2.2. The findings 

of the validation of resonant frequency are presented here in 

Table 3. With this understanding, a parametric analysis is 

carried out for resonant frequencies of the considered 

nanostructures, wherein, the resonant frequencies are 

assessed as a function of the increase in length (200Å -

600Å , while width maintained as constant at 200 Å ), initial 

impact velocity (1 km/s – 4 km/s), and the boundary 

conditions (CCCC - CCFF). The impact velocity is limited 

to 4 km/s in the present analysis to avoid the permanent 

deformation (/damage) of the structure. The observations of 
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free vibration of SLGS and BLG (AA stacked) structures 

are presented in Fig. 6. It is evident from the figure that the 

CCCC boundary condition results in slightly higher 

resonant frequencies (Rf) due to higher global stiffness, 

regardless of SLGS or BLG structure. This is also observed 

that the BLG structures result in higher resonant frequencies 

when compared with the SLGS structures.  

The increase in length has the inverse effect on the Rf 

values for both SLGS and BLG nanostructures, regardless 

of boundary conditions, which can be supported by the 

observations presented in Chandra et al. (2020). With the 

increase in initial impact velocity, the Rf values show slight 

variation, albeit without any particular trend. We further 

 

 

 

assessed the influence of RRA on the resonant frequencies 

(refer to the Fig. S2(C) of the Appendix); however, no major 

change in the corresponding Rf  values is noted. 

 

3.4 Integrated GPR based ML model for 
characterizing random system disorder and stochasticity 

 

In this subsection, the results obtained from the 

integration of MD simulations and GPR based ML model, 

leading to large-scale data-driven insights, are interpreted. 

In the first part of the study illustrated in this subsection, the 

analysis is limited to two different stacking conditions, AA 

(RRA = 0o) and AB (RRA = 60o), wherein the impact 

Table 3 Validation of resonant frequency with available literature 

Literature Size of GNR Excitation 
Resonant frequency,  

Rf (GHz) 

Tian et al.(2017) 300Å  x 40Å  
1.77nN transverse force  

at each atom 
99.7 

Kwon et al.(2013) 140Å  x 7Å  9.5 nN transverse force at each atom 80 

Kang et al.(2013) 141Å  x 7Å  
0.00608 nN – 6.08 nN  

transverse force at each atom 
20 – 190 

Replication of Tian et al. (2017) 

(for validation) 
300Å  x 40Å  

1.77nN transverse force  

at each atom 
80 

Present study 300Å  x 200Å  
Transverse high-velocity impact of 30 

Å /ps (3 km/s) 
96 

 

Fig. 6 Impact induced resonant behaviour in graphene nanostructures. (A) The resonant frequency (Rf) of SLGS as a 

function of length and enforced boundary conditions (B) The resonant frequency (Rf) of SLGS as a function of initial 

impact velocity and enforced boundary conditions (C) The resonant frequency (Rf) of AA stacked BLG as a function 

of length and enforced boundary conditions (D) The resonant frequency (Rf) of AA stacked BLG as a function of 

initial impact velocity and enforced boundary conditions 
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velocity is considered as the only input parameter. For the 

comprehensive characterization of the influence of impact 

velocity on the ballistic responses of AA and AB stacked 

BLG, the GPR based ML model is constructed. The primal 

screening to validate the GPR based model is presented in 

Fig. 7. Figs. 7(A) and 7(B) illustrates the error profile of 

predicted residual velocities for the cases of AA and AB 

stacked BLG, separately. Likewise, Figs. 7(C) and 7(D) 

reports the error profile of predicted specific penetration 

energy for the cases of AA and AB stacked BLG. It is 

evident from Fig. 7 that for both the ballistic responses, the 

ML model is able to comply with the acceptable error up to 

the PP2 stage only. The sudden transition of the process 

from PP2 to CP stage beyond the impact velocity of 6.5 

km/s, makes it difficult for the GPR based ML model to 

generalize the responses due to completely different physics 

involved at the two stages. Hence, further in the following 

ML-based analysis, we limited the impact velocities within 

the range of 1.0 km/s - 6.5 km/s to construct the models. 

Moreover, the objective of the present study is limited to 

fully characterizing the ballistic performance of graphene 

 

 

nanostructures prior to the CP stage. Hence, out of 256 

samples 218 samples (leaving the samples having velocities 

more than 6.5 km/s) are used to construct the GPR based 

ML model for in-depth assessment. The validation and error 

analysis of the GPR based ML model for the ballistic 

impact performance of AA and AB stacked BLG is 

presented in Fig. 8. By the assessment drawn through 

scatter plots and probabilistic error profiles depicted in Fig. 

8, it is clear that the model is computationally efficient to 

predict both the ballistic performance features (Vr and Ep
*) 

with significant level of accuracy. Hence, the model is 

further deployed to determine the residual velocities and 

specific penetration energies under random disorder due to 

stochasticity in system parameters based on a full-scale 

MCS. 

The findings drawn from the prediction of MCS for both 

the cases of stacking (AA and AB) are reported in Fig. 9. 

Figs. 9(A) and 9(C) illustrate the occurrence bound and 

probabilistic distribution of residual velocities and specific 

penetration energies for the AA and AB stacked BLG 

(within the impact velocity range of 1.0 km/s - 6.5 km/s). 

 

Fig. 7 Primal screening of GPR based ML model for AA and AB stacked BLG. (A) The variation trend and error 

profile of residual velocity for AA stacked BLG (B) The variation trend and error profile of the residual velocity for 

AB stacked BLG (C) The variation trend and error profile of the specific penetration energy for AA stacked BLG (D) 

The variation trend and error profile of the specific penetration energy for AB stacked BLG. 
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Fig. 8 Validation of GPR based ML model for AA and AB stacked BLG. (A) Scatter plot between the MD derived 

residual velocity and ML predicted residual velocity (B) Probability density function plot for the percentage error of 

predicted residual velocity (C) Scatter plot between the MD derived specific penetration energy and ML predicted 

specific penetration energy (D) Probability density function plot for the percentage error of predicted specific 

penetration energy 

 
Fig. 9 Predicted large-scale data-driven ballistic responses obtained based on MCS concerning AA and AB stacked 

BLG. (A) Statistical distribution of residual velocity corresponding to AA and AB stacked BLG with respect to 

stochastic impact velocity (B) Variation trend of residual velocity corresponding to AA and AB stacked BLG captured 

by GPR based ML model (C) Statistical distribution of specific penetration energy corresponding to AA and AB 

stacked BLG with respect to stochastic impact velocity (D) Variation trend of specific penetration energy 

corresponding to AA and AB stacked BLG captured by GPR based ML model. 
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Figs. 9(B) and 9(D) depict the variation profile of predicted 

residual velocities and specific penetration energies (for 

both AA and AB stacked BLG). It is noteworthy to observe 

that the stochastic variation profiles depicted in figure 9(B, 

D) exactly match with the deterministic profiles provided in 

figure 5(A-C), which indicates the computational prediction 

of the proposed GPR based ML model. 

Once the computational efficiency of the GPR based 

ML model is established, we included the RRA as another 

variable along with initial impact velocity (Vi). Note that it 

is often extremely difficult to prepare nano-scale samples 

with the exactly designed RRA, leading to inevitable 

stochastic system disorder. Thus it is critically important to 

quantify the effect of such random structural disorders 

coupled with other system parameters. At this stage, a 

sample space with 128 instances is algorithmically 

constructed comprising of two control variables RRA and Vi 

(with a range of variation, RRA: 0o to 30o and Vi: 1 km/s to 

6.5 km/s). The range of RRA is limited from 0o to 30o due to 

the symmetry in observations perceived by the deterministic 

findings reported in Fig. 5(D). The training and testing 

datasets were developed by conducting MD simulations for 

these 128 samples, and 8 samples, separately derived from a 

random distribution with the same parametric range as 

mentioned above. The validation of the ML model is 

illustrated in Fig. 10, which demonstrates a satisfactory 

 

 

generalization capability of the GPR based ML model for 

both the ballistic responses (Vr and Ep
*). With sufficient 

confidence in the constructed model, the model is further 

deployed to reveal deep computational insights on the 

ballistic performances of tBLG structures within the RRA 

ranging from 0o to 30o and Vi ranging from 1 km/s to 6.5 

km/s. The large-scale data-driven characterization is carried 

out with the help of the proposed ML model by employing 

MCS with 10000 algorithmically generated random sets of 

input parameters. 

The findings concerning the ML-based prediction of Vr 

and Ep
* are reported in Figs. 11 and 12, respectively. Figure 

11(A-C) presents the occurrence bounds and probabilistic 

variation of residual velocities of the impactor with the 

individual variation in RRA and Vi and also corresponding 

to the compound variation of RRA and Vi. Figs. 11(D) and 

11(E) reports the variation profiles of Vr against the RRA 

and V i, which follow the same trend depicted by 

deterministic variation illustrated in Figs. 5(D) and 5(A), 

respectively. It can be concluded from the findings that the 

RRA has relatively less influence on the Vr compared to Vi, 

which is also established by the data-driven sensitivity 

analysis provided further in Fig. 11(F). Similar conclusions 

as above can be drawn in terms of stochastic evaluation of 

Ep
* reported in Fig. 12. The stochastic variation in impact 

velocity has a more prominent effect on the Ep
* when 

 

Fig. 10 Validation of GPR based ML model for tBLG structures. (A) Scatter plot between the MD derived residual 

velocity and ML predicted residual velocity (B) Probability density function plot for the percentage error of predicted 

residual velocity (C) Scatter plot between the MD derived specific penetration energy and ML predicted specific 

penetration energy (D) Probability density function plot for the percentage error of predicted specific penetration 

energy 
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Fig. 11 MCS based predicted post-impact residual velocity of impactor for tBLG structures. (A) Statistical 

distribution of residual velocity corresponding to variation in RRA with a constant impact velocity of 5 km/s (B) 

Statistical distribution of residual velocity corresponding to variation in impact velocity with constant RRA at 0o (C) 

Statistical distribution of residual velocity corresponding to variation in both RRA and impact velocity of impactor 

(D) Variation trend of residual velocity with respect to increasing RRA, captured by ML model (E) Variation trend of 

residual velocity with respect to increasing impact velocity of the impactor, captured by ML model (F) Variance based 

sensitivity analysis for the residual velocity of impactor. 

 
Fig. 12 MCS based predicted specific penetration energy for tBLG structures. (A) Statistical distribution of specific 

penetration energy corresponding to variation in RRA with a constant impact velocity of 5 km/s (B) Statistical 

distribution of specific penetration energy corresponding to variation in impact velocity with constant RRA at 0o (C) 

Statistical distribution of specific penetration energy corresponding to variation in both RRA and impact velocity of 

impactor (D) Variation trend of specific penetration energy with respect to increasing RRA, captured by ML model (E) 

Variation trend of specific penetration energy with respect to an increasing impact velocity of impactor, captured by 

ML model (F) Variance based sensitivity analysis of specific penetration energy. 
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compared with the variation in RRA (as evident from Figs. 

12(A), 12(B), 12(F)). The stochastic variation profile of Ep
* 

presented in Figs. 12(D) and 12(E) affirms the trend of 

deterministic variation reported in Fig. 5(C) and 5(D). 

However, it is evident that the machine learning-based 

models are able to efficiently capture the intricate details of 

coupling multiple system parameters including the effect of 

random system disorder following a large-scale data-driven 

probabilistic framework. Interestingly, the numerical results 

reveal that even a small degree of stochasticity in the form 

of random disorder in twist angle can result in significantly 

enhanced specific energy absorption capacity, which leads 

to the realization of prospective exploitation of such 

inevitable random disorders. 
 

 

4. Conclusions 

 

This article investigates the capability of bilayer twisted 

graphene nanostructures subjected to high-velocity ballistic 

impact under the influence of intrinsic stochastic disorder. 

The residual velocity (Vr) of the impactor and specific 

penetration energy (Ep
*) are considered as the performance 

measures, wherein the influence of multiple critical 

structural and impactor parameters have been probed 

including their compound effects. In this regard, we have 

employed spherical diamond impactor to demonstrate 

hypervelocity ballistic impact throughout the present study.  

A comprehensive investigation is presented here under 

high-velocity impact, starting from preliminary MD 

simulations considering SLGS, wherein we observe that the 

spherical diamond impactor having the diameter of 25Å , 

completely penetrates SLGS (of size 200Å  x 200Å ) at the 

initial impact velocity of 5 km/s. For the considered impact 

velocities below 5 km/s, the spherical impactor shows a 

rebound behaviour without damaging the SLGS. To assess 

the influence of the size of the impactor on the ballistic 

performance of SLGS (of size 500Å  x500Å ), we have 

gradually increased the diameter of the spherical diamond 

impactor from 25Å  to 150Å  (25, 50, 75, 100, and 150Å ). It 

is observed that the impactor with a diameter of 150Å  

completely penetrates SLGS at a relatively lower impact 

velocity (≈ 2 km/s) when compared with the impactor 

having a diameter of 25 Å . We have proceeded further with 

the spherical diamond impactor of 25Å  diameter to 

investigate BLG structures of size 200Å  x 200Å . At this 

stage, we have also reported the free vibration behaviour of 

SLGS and BLG as a derivative of high-velocity impact 

analysis, wherein we demonstrate the parametric influence 

of an increase in the size, impact velocity and adopted 

boundary conditions on the resonant frequencies. It is 

revealed from the analysis that the CCCC boundary 

condition results in increased resonant frequency when 

compared with the results associated with CCFF boundary 

conditions, regardless of the SLGS or BLG configurations. 

An increase in the length of the structure, with width kept 

constant, is found to have an inverse influence on the 

resonant frequencies. These observations are found to be 

consistent for both SLGS and BLG configurations. The 

study further reveals that RRA has no major influence on the 

resonant behaviour of BLG structures. However, it is 

evident from the observations that BLG structures possess 

higher resonance frequencies compared to SLGS. 
In the next stage, we have explored the ballistic 

performance of two differently stacked (AA and AB) BLG 
configurations subjected to initial impact velocity ranging 
from 1 km/s to 7 km/s. Total 128 random samples are 
generated for each case of stacking (AA and AB), with 
impact velocity as the randomly varying input parameter, 
resulting in 256 MD simulations to determine the residual 
velocity and specific penetration energy for each instance. 
The findings of these simulations conclude that both AA 
and AB stacked BLG are able to sustain the high-velocity 
impact up to 5 km/s without damage in any of the layers. 
The values of Vr and Ep

* increase with the increasing impact 
velocity up to the partial penetration with rebound stage. 
Another conclusion that is drawn to this end is that the 
ballistic performance of AA and AB stacked graphene 
almost matches with each other, but AB stacked BLG 
shows more strength against complete penetration 
compared to AA stacked BLG.  

In general, the primary deterministic findings derived 
from the ballistic impact of tBLG structures reveal that the 
tBLG structures dissipate more kinetic energy of high-
velocity impactor when compared with the conventional AA 
stacked BLG. To explore further deep computational 
insights of the ballistic performance of tBLG structures, a 
GPR based ML model is constructed with RRA (ranging 
from 0o to 30o due to symmetry) andVi (ranging from 1 km/s 
to 6.5 km/s) as control variables. The proposed GPR based 
ML model accurately captures the variation of the ballistic 
performance measures of tBLG structures in a detailed high 
dimensional sample space including the effect of random 
system disorder following a large-scale data-driven 
probabilistic framework. The numerical results reveal that 
even a small degree of stochasticity in the form of random 
disorder in twist angle can result in significantly enhanced 
specific energy absorption capacity, which leads to the 
realization of prospective exploitation of such inevitable 
random disorders. A data-driven sensitivity analysis further 
unravels that the relative significance of RRA is lower 
compared to initial impact velocity. In the context of 
formation of the ML model, it is accurately identified that 
the physics of the system becomes significantly different 
beyond the impact velocity of 6.5 km/s due to the initiation 
of damage. It can be noted that such large-scale data-driven 
intricate details concerning high-velocity impact have been 
possible to capture primarily due to the augmented 
computational capabilities based on the GPR modelling. 

The detailed mechanical behaviour of graphene and its 
multiple bilayer derivatives, as presented in this article 
including the effect of twisting and random disorder for 
their prospective exploitation, will accelerate the uptake of 
this nanostructure further as structural components in the 
development of a new class of composites with high 
strength-to-weight ratio to prevent high-velocity ballistic 
impact, which is common in defense and space applications. 
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Appendix 
 

A1. Post-processing of the ballistic impact simulations 
 
The residual velocity of an impactor is determined by 

observing the time history of the varying velocity of the 

impactor as depicted in Fig. S1(A). The double peaks 

visible in the Fig. S1(A) for the impact velocities less than 5 

km/s, indicate rebound of the impactor, wherein the later 

increase in the residual velocity is due to the contribution of 

graphene structure in the rebound velocity of impactor. On 

the contrary, the later increase in the residual velocity is 

missing in the case of 5 km/s (or higher if calculated), 

which indicates the complete penetration of the graphene 

sheet. To evaluate the specific penetration energy of an 

impacted structure, Eq. (4) in the manuscript is used. The 

estimation of initial kinetic energy (KEi) and residual 

kinetic energy (KEr) of an impactor is carried out by 

observing the time history of the variation in kinetic energy 

as shown in Fig. S1(B).  

 
A2. Gaussian process regression 
 
Gaussian process regression (GPR) based ML models 

are nonparametric kernel-based probabilistic models 

(Goswami et al. 2016, Quinonero-Candela and Rasmussen 

2005). Consider the training set {(xi, y); i = 1, 2, … n}, 

where 𝑥𝑖 ∈ 𝑅
𝑑 and 𝑦𝑖 ∈ 𝑅 , drawn from an unknown 

distribution. A GPR model addresses the question of 

predicting the value of a response variable ynew, given the 

new input vector xnew, and the training data. A linear 

regression model is of the form 

 (A1) 

where  𝜀 ≈ 𝑁(0, 𝜎2) . The error variance and the 

coefficients 
 

are estimated from the data. A GPR model 

explains the response by introducing latent variables, f(xi), i 

= 1, 2, … n
 
from a Gaussian process (GP), and explicit 

basis functions, h. The covariance function of the latent 

variables captures the smoothness of the response and basis 

functions project the inputs x into a p-dimensional feature 

space. 

A GP is a set of random variables, such that any finite 

number of them has a joint Gaussian distribution. If 

 

 

Fig. S1 Time history of (A) velocity of the impactor (B) 

kinetic energy of the impactor 
 

 

{𝑓(𝑥), 𝑥 ∈ 𝑅𝑑}is a GP, then given 𝑛 observations 𝑥1, 𝑥2,
. . . ,  𝑥𝑛, the joint distribution of the random variables𝑓(𝑥1),
𝑓(𝑥2), . . . , 𝑓(𝑥𝑛) is Gaussian. A GP is defined by its mean 

function 𝑚(𝑥) and covariance function,𝑘(𝑥, 𝑥′) . That is, 

if {𝑓(𝑥), 𝑥 ∈ 𝑅𝑑} is a Gaussian process, then 𝐸(𝑓(𝑥)) =

𝑚(𝑥) , and 𝐶𝑜𝑣[𝑓(𝑥), 𝑓(𝑥′)] = 𝐸[{𝑓(𝑥) − 𝑚(𝑥)}{𝑓(𝑥′) −
𝑚(𝑥′)}] = 𝑘(𝑥, 𝑥′). 

Now consider the following model. 

h(x) = Tβ + f(x) (A2) 

where f(xn) ~ GP(0, k(x, x’)), that is f(x) are from a zero 

mean GP with covariance function, k(x, x’). h(x)
 
are a set of 

basis functions that transform the original feature vector 

x in Rd into a new feature vector h(x) in Rp. 𝛽 is a p-by-1 

vector of basis function coefficients. This model represents 

a GPR model. An instance of response y can be modeled as 

𝑝(𝑦𝑖|𝑓(𝑥𝑖), 𝑥𝑖) ≈ 𝑁(𝑦𝑖|ℎ(𝑥𝑖)
𝑇𝛽 + 𝑓(𝑥𝑖), 𝜎

2) (A3) 

Ty x  = +

2


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Fig. S2 (A) Time-domain signal of the post-impact kinetic energy of SLGS under free vibration (B) FFT of time-

domain kinetic energy signal depicted in figure S2(A) (C) The variation in the resonant frequency of tBLG structures 

as a function of RRA. Each graphene nanostructure considered here has 200Å  x 200Å  size and is enforced with the 

CCCC boundary condition. 

 

Fig. S3 Atomistic trajectory of high velocity impact of spherical diamond projectile (Di = 25 Å ) on the SLGS (size: 

200 Å  x 200 Å ) (A) at impact velocity Vi = 1.0 km/s (B) at impact velocity Vi = 2.0 km/s (C) at impact velocity Vi = 

3.0 km/s (D) at impact velocity Vi = 4.0 km/s (E) at impact velocity Vi = 5.0 km/s. The value of ‘t’ provided at the 

bottom of each frame denotes the time in picoseconds 
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Hence, a GPR model is a probabilistic model. There is a 

latent variable f(xi) introduced for each observation xi, 

which makes the GPR model nonparametric. In vector 

form, this model is equivalent to  

𝑝(𝑦|𝑓, 𝑋) ≈ 𝑁(𝑦|𝐻𝛽 + 𝑓, 𝜎2) (A4) 

where 

𝑋 =

(

 

𝑥1
𝑇

𝑥2
𝑇

⋮
𝑥𝑛
𝑇)

 , 𝑦 = (

𝑦1
𝑦2
⋮
𝑦𝑛

) ,𝐻 =

(

 

ℎ(𝑥1
𝑇)

ℎ(𝑥2
𝑇)

⋮
ℎ(𝑥𝑛

𝑇))

 , 𝑓 = (

𝑓(𝑥1)
𝑓(𝑥2)
⋮
𝑓(𝑥𝑛)

) (A5) 

The joint distribution of latent variables f(x1), f(x2), … 

f(xn) in the GPR model is as follows 

𝑃(𝑓|𝑋) ≈ 𝑁(𝑓|0, 𝐾(𝑋, 𝑋)) (A6) 

 

 

 

 

 

 

 

Fig. S4 Atomistic trajectory of high velocity impact (Vi = 2.0 km/s) on the SLGS (size: 500 Å  x 500 Å ) by spherical 

diamond projectile of (A) diameter, Di = 25 Å  (B) diameter, Di = 50 Å  (C) diameter, Di = 75 Å  (D) diameter, Di = 100 

Å  (E) diameter, Di = 150 Å. The value of ‘t’ provided at the bottom of each frame denotes the time in picoseconds 
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