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This supplementary information material contains details of theoretical analysis and 

atomistic simulations for wrinkle propagation in graphene with flower-like rotational 

grain boundaries (GBs). 
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Note 1. Experimental scanning tunnel microscope (STM) topographic images of 

the rotational GB 

Fig. S1 shows the experimental STM topographic images of the rotational GB from 

Ref.1.  

 

Fig. S1. Experimental STM topographic images of the rotational GB from Ref.1. STM 

topographic images of rotational GB observed in the growth of epitaxial graphene on 

SiC at (a) -300 mV and (b) 300 eV sample bias. The color gradation for carbon atoms 

is from dark to bright according to their topographic height variations of (a) 150 pm 

and (b) 130 pm.  

  



Note 2. Simulation methodology 

The potential energy stored in the C60-graphene system can be directly expressed 

as: 
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where, the AIREBO potential2 consists of three sub-potentials: the standard long-range 

two-body Lennard-Jones (L-J) potential, the 4-body torsional interaction potential and 

the Reactive Empirical Bond-Order (REBO) potential. 
LJ

ijE  , 
tors

kijlE   and 
REBO

ijE   are 

respectively the 12-6 L-J potential, the torsional potential and REBO potential3. The 

12-6 L-J potential can be calculated using the following relationship: 
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where   is the energy scale parameter and   is the collision diameter parameter4 in 

current research.
ijr is the distance between atom i and atom j . The torsional potential is 

implemented in AIREBO for all dihedral angles in the system2: 
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where ( )w r   is the bond weight (the value is between 0 to 1), that is used as an 

indication of the bonding between atoms. ( )torsV   is the torsional potential with a 

single minimum, and it can be given in terms of a cosine power series in the dihedral 

angle  : 
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The REBO potential energy functional is adapted from Ref.5, it can be written as 

follows: 

REBO R A

ij ij ij ijE V b V= +               (5) 

where ijb is the bond order, it represents the pairwise interaction strength. Depending 



on bond bending, dihedral angles and the radical character of the bond6, the bond order 

can be determined as: 
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As to repulsive term: 
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where the parameters 0.313460ijQ =  ,, 10953.544ijA =  eV and 4.7465391ij =

1Å−
in current system. As to attractive term:  
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where the parameters 
( )1

ijB  , 
( )2

ijB  and 
( )3

ijB  are 12388.722 eV, 17.567065 eV and 

30.714232 eV, respectively. The parameters 
( )1

ij  , 
( )2

ij  and 
( )3

ij  are 4.7204523
1Å−
 , 

1.4332132
1Å−
and 1.3826213

1Å−
, respectively.  

  



Note 3. Evolution of the instantaneous atomic kinetic and strain energies for 

pristine graphene 

Figs. S2a-b reveal the evolutions of instantaneous atomic kinetic and strain energies for 

pristine graphene over time. With time increasing, the circular contours for the 

evolution of the kinetic energy (see 750 fs-1750 fs in Fig. S2a) and the significant 

reflection for the strain energy (after 1000 fs in Fig. S2b) can be observed.  

 

 

Fig. S2. Energy evolution in pristine graphene motivated by C60 molecule. Atomic 

snapshots are from 250fs to 2000fs, with a time span of 250 fs. (a) The distribution of 

the instantaneous atomic kinetic energy in units of eV. Atoms are colour coded with 

blue mapped to the lowest value. (b) The distribution of the instantaneous atomic strain 

energy in units of eV. Atoms are colour coded with red mapped to the highest value.  

  



Note 4. Continuum model and contact law for the C60 molecule and pristine 

graphene 

The schematic diagram for the C60-C6(0) (i.e., pristine graphene) system is illustrated 

in Fig. S3. In the following, the contact law based on continuum mechanics7-2 is used 

to study the nanoscale interactions. The molecular interaction between the C60 

molecule and pristine graphene is modeled by the classical 12-6 Lenard-Jones (L-J) 

potential10:  
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where l , 2.864 = meV and 0.347 = nm denote the atomic distance of two atoms, 

the potential well depth between two arbitrary atoms and the L-J distance, respectively11. 

As shown in Fig. S3a, the C60-C6(0) contact system is modeled by using a hollow-ball 

as the C60 molecule and an infinite plate as pristine graphene. In addition, R  − −  

spherical coordinate system for the hollow-ball and r −  polar coordinate system for 

the plate are constructed, respectively. Thus, the L-J potential for two elements (see Fig. 

S3a) can be stated as: 

( ) ( )

12 6
2

6 3
 2 2  2 2

4 sinL JdE pq R d d rdrd
H r H r

 
    −

 
 = −
  + +
 

    (10) 

where ( )260 4p R=   and ( )24 3 3 C Cq L −=   ( 0.142C CL − =  nm in Ref.10) are the 

number of particles per unit area of C60 and the number of particles per unit area of 

pristine graphene, respectively8. As shown in Fig. S3a,  ,  , R , r  and   stand 

for the coordinate parameters for the spherical coordinate system of the hollow-ball and 

the polar coordinate system of the plate, respectively. The L-J potential can be obtained 

by integrating Eq. (10): 
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Based on the geometric relationship in Fig. S3a, H   can be expressed as 

( )1 cosH R + + . Then the L-J potential between the hollow-ball and infinite plate is 

given by: 
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For the smaller inter-distances compared with R  , Eq. (12) can be approximately 

expressed as: 
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Correspondingly, the z-direction interaction force, zF   , can be obtained by the 

derivative of the L-J potential in terms of distance H : 
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For the molecular dynamics (MD) model shown in Fig. S3b, pristine graphene is 

modeled by a plate with the length, width and thickness respectively represented by a, 

b and h. Based on Kirchhoff’s assumptions2, the motion equation for a nonlocal plate 

can be given by:  
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where w  is z-direction displacement of the plate, 7

0 7.61 10I −=  kg/m2 is the mass 

momentum of inertia, 174.03 10xxD −=   J, 
173.97 10yyD −=   J, 

172.65 10xyD −=   J, 

171.06 10ssD −=   J are the flexural rigidity and 0e  is non-dimensional nonlocal 

parameter. Out-of-plane displacement of the plate, w , can be obtained7:  
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where, ( ),ij x y  is the mode shapes of vibrations and ( )ij t  is defined as the time-

dependent coefficients for ( ),ij x y  . ij   denote the , thi j   vibration model. 

( ),ij x y  can be written as: 
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Accordingly, ( )ij t  can be expressed as:  
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where ( )zF   and 
ijC  are the amplitude of impact force and the influence coefficient 

of impact loading, respectively. Correspondingly, 
ijC  can be obtained: 
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Fig. S3. Schematic illustration of C60-C6(0) (i.e., pristine graphene) system. (a) The 

continuum model for the system with a hollow-ball interacting with a plate. (b) MD 

model for the system. 

  



Note 5. Polar coordinate system and specific atomic positions in graphene sheets 

Taking the graphene sheet with C6(3) grain boundaries (GBs) as an example, r −  

polar coordinate system is constructed in Fig. S4. Six atoms are chosen in the 

coordinate system. Their coordinate positions are atom-a (r,θ)=(30,0), atom-b 

(r,θ)=(45,0), atom-c (r,θ)=(30,π/4), atom-d (r,θ)=(45,π/4), atom-e (r,θ)=(30,π/2) and 

atom-f (r,θ)=(45,π/2), respectively.  

 

Fig. S4. Polar coordinate system (r,θ) is constructed in the graphene sheet with C6(3) 

GBs. The impact point is at original point O in the polar coordinate. Atom-a to atom-f 

are defined in the coordinate system. The atomic coordinates are atom-a (r,θ)=(30,0), 

atom-b (r,θ)=(45,0), atom-c (r,θ)=(30,π/4), atom-d (r,θ)=(45,π/4), atom-e (r,θ)=(30,π/2) 

and atom-f (r,θ)=(45,π/2), respectively. 

  



Note 6. Variations of specific atomic x- and y-coordinate for atoms in the (r,π/4) 

axis  

As shown in Figs. S5a-d, the evolutions for specific atomic x- and y-coordinate of 

atom-c (r,θ)=(30,π/4) and atom-d (r,θ)=(45,π/4) in terms of time are plotted. The 

moderate atomic fluctuation can be found in the figures. 

 

 

 

Fig. S5. Variations for x-coordinate of (a) atom-c (r,θ)=(30,π/4), (b) atom-d 

(r,θ)=(45,π/4) and y-coordinate of (c) atom-c (r,θ)=(30,π/4), (d) atom-d (r,θ)=(45,π/4). 

The coordinate is in the unit of ,. 

  



Note 7. Variations of specific atomic strain energy for atoms in the (r,π/4) axis  

Fig. S6 presents the evolutions of the specific atomic strain energy for atom-c 

(r,θ)=(30,π/4) and atom-d (r,θ)=(45,π/4) with respect to time. The specific atomic strain 

energies increase significantly for the defective graphene sheets. However, the 

moderate atomic fluctuation occurs in pristine graphene.  

 

 

Fig. S6. Variations for specific atomic strain energy of (a) atom-c (r,θ)=(30,π/4), (b) 

atom-d (r,θ)=(45,π/4). The energy is in the unit of eV. 

  



Note 8. Evolution of van der Waals (vdW) potential energy for the graphene sheets 

Fig. S7 depicts the evolution of the vdW potential energy in terms of time for the four 

graphene sheets (i.e., pristine graphene and the graphene sheets with C6(3), C6(5) and 

C6(7) GBs). The red arrows denote the evolution trends of the vdW potential energy for 

the graphene sheets. The curves indicate the vdW potential energy exist only during the 

interaction phase.  

 

 

Fig. S7. The evolution of the vdW potential energy in terms of time for (a) pristine 

graphene and the graphene sheets with (b) C6(3) GBs, (c) C6(5) GBs, (d) C6(7) GBs. 

The energy is in the unit of eV. 

  



Note 9. Effects of initial velocity and temperature variation on the out-of-plane 

displacement along the (r,0) and (r,π/2) axes  

Figs. S8a-h describe the effects of different initial velocities (15 ,/ps, 30 ,/ps, 45 ,/ps 

and 60 ,/ps) and temperature variations (5 K, 25 K, 50 K, 75 K and 100 K) on the out-

of-plane displacement (Δz) for pristine graphene and the graphene sheet with C6(7) GBs 

along the axes (r,0) and (r,π/2). “V” shape (see 15 ,/ps in Fig. S8a) and “W” shape 

(see Fig. S8b) can be observed. The results indicate that the higher velocity (larger than 

15 ,/ps, such as 45 ,/ps) and temperature (such as 75 K and 100 K) can accelerate the 

transformation of the potential energy for graphene sheet into its kinetic energy and 

dynamic wrinkling propagation.  

 

 

 

 



 

 

Fig. S8. The curves of the out-of-plane displacement (Δz) along the axes (r,0) and (r,π/4) 

with different initial velocities (15 ,/ps, 30 ,/ps, 45 ,/ps and 60 ,/ps) and temperature 

variations (5 K, 25 K, 50 K, 75 K and 100 K) at 1000 fs. (a)-(d) show the out-of-plane 

displacement (Δz) along the axes (r,0) and (r,π/4) for pristine graphene and the 

graphene sheet with C6(7) GBs at different initial velocity. (e)-(h) show the out-of-plane 

displacement (Δz) along the axes (r,0) and (r,π/4) for pristine graphene and the 

graphene sheet with C6(7) GBs at different temperature variation. The displacement is 

in the unit of ,.  

  



Note 10. Wrinkle propagation in the graphene sheets with point and Stone Wales 

(SW) defects 

As shown in Fig. S9, molecular dynamics (MD) simulations are performed to study 

wrinkle propagation in the graphene sheets with point defect and single SW defect. The 

figures reveal the distributions of the out-of-plane displacement field, z-direction 

velocity, instantaneous atomic kinetic energy and instantaneous atomic strain energy in 

the graphene sheets with point defect (see Fig. S9a) and SW defect (see Fig. S9b). The 

distinctly different contours of dynamic wrinkling propagation can be observed at 1250 

fs. The results indicate the ability of dynamic wrinkle propagation for defect detection.  

 

 

Fig. S9. MD simulation results of the graphene sheets with point defect and SW defect 

induced by C60 molecule. The distributions of the out-of-plane displacement field, z-

direction velocity, instantaneous atomic kinetic energy and instantaneous atomic strain 

energy in the graphene sheets with (a) point defect and (b) SW defect. The units of 

displacement, velocity and energy are ,, ,/ps and eV, respectively.  

  



Note 11. Evolution of various energies for the graphene sheets with external 

excitation 

Figs. S10a-j reveal the evolution of the specific atomic strain energy for atom-a and 

atom-b (see Figs. S10a-b), the total potential energy increment for the four graphene 

sheets (see Figs. S10c-f) and the vdW potential energy between C60 molecule and 

graphene sheet (see Figs. S10g-j) with external excitation (i.e., the impact point is 

outside the GBs). With the time increasing, the specific atomic strain energies of atom-

a and atom-b for pristine graphene show the moderate variation. Additionally, two 

evolution modes of the total potential energy increment (see Figs. S10c-f) can be 

observed. As shown in Figs. S10c-f, the red arrows present the evolution trends of the 

vdW potential energy. The curves of the vdW potential energy indicate the vdW 

potential energy exist before 3000 fs. 

 

 

 



 

 

 

Fig. S10. Evolution of various energies for the graphene sheets induced by external 

excitation. Specific atomic strain energies for (a) atom-a (r,θ)=(30,0) and (b) atom-b 

(r,θ)=(45,0). Total potential energy increments for (c) pristine graphene and the 

graphene sheets with (d) C6(3) GBs, (e) C6(5) GBs, (f) C6(7) GBs. vdW potential 

energies for (g) pristine graphene and the graphene sheets with (h) C6(3) GBs, (i) C6(5) 

GBs, (j) C6(7) GBs. The energy is in the unit of eV.  

  



Note 12. Out-of-plane displacements of the graphene sheets at different time with 

external excitation 

The out-of-plane displacements along the (r,0) axis at different time (1200 fs, 1800 fs, 

2400 fs, 3000 fs and 3300 fs) are plotted, as shown in Figs. S11a-d. In the same 

graphene sheet, the amplitude of the dynamic wrinkle decreases with the time evolution. 

The relationship of the minimum amplitude (see 3300 fs) for the out-of-plane 

displacement is C6(0)>C6(5)>C6(3)>C6(7).  

 

 

 

Fig. S11. The out-of-plane displacements along the (r,0) axis at different time (1200 fs, 

1800 fs, 2400 fs, 3000 fs and 3300 fs). (a)-(d) show the out-of-plane displacements for 

pristine graphene and the graphene sheets with C6(3), C6(5) and C6(7) GBs.  
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