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ABSTRACT 

Upon crumpling, graphene sheets yield intriguing hierarchical structures with high resistance to 

compression and aggregation, garnering a great deal of attention in recent years for their 

remarkable potential in a variety of applications. Here, we aim to understand the effect of Stone–

Wales (SW) defects, i.e., a typical topological defect of graphene, on the crumpling behavior of 

graphene sheets at a fundamental level. By employing atomistically informed coarse-grained 

molecular dynamics (CG-MD) simulations, we find that SW defects strongly influence the sheet 

conformation as manifested by the change in size scaling laws and weaken the self-adhesion of 

the sheet during the crumpling process. Remarkably, the analyses of the internal structures (i.e., 

curvatures, stresses, and cross-section patterns) of crumpled graphene emphasize the enhanced 

mechanical heterogeneity and “glass-like” amorphous state elicited by SW defects. Our findings 

pave the way for understanding and exploring the tailored design of crumpled structure via defect 

engineering. 
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Graphene, a one-atom thick two-dimensional (2D) hexagonal lattice composed of carbon 

atoms covalently bonded via sp2-orbitals,1 has promoted research in the fields of materials science 

and condensed matter physics in recent years owing to its remarkable mechanical,2 thermal,3 

electronic,4 and magnetic properties.5 Interestingly, thermal motion causes free-floating graphene 

sheets to spontaneously develop distinct corrugations and crumples, rather than maintaining a 

perfectly flat configuration.6 Given the relatively low out-of-plane stiffness of atomically thick 

graphene sheets, they typically exhibit wrinkling and crumpling in preparation, transfer, and 

application when subjected to intermolecular and interfacial interactions,7 as well as when their 

aspect ratio exceeds a certain critical value,8 or when their structure is defective.9,10,11 Despite the 

highly complex internal structure of corrugated and crumpled graphene, especially for graphene 

crumpled spheres, they are ultimately comprised of a handful of building block structures, such as 

bends,12 folds,13 developable cones,14 and stretching ridges.15 The stochastic combination of these 

micro/nano building blocks with spatially periodic or nonperiodic topology significantly affects 

the mechanical, and electrical properties of the crumpled system, and therefore, it is critical to gain 

insights into the structure-property relationships of crumpled graphene sheets. 

Recently, considerable efforts have been made to explore the crumpling behavior along with 

the intriguing properties of graphene-based materials.6,16 In general, the crumpling behavior of 

graphene sheets under hydrostatic pressure can be summarized as a process of edge bending to 

random folding and then to high compacting.17,18,19,20 This crumpling process is found to be largely 

influenced by the sheet properties (e.g., geometry19,20, defects,21,22,23 and stickiness24,25) and the 

environmental  conditions (e.g., temperature20,26 and solvent27,28,29), resulting in crumpled systems 

having diverse packing efficiencies and unique internal structures. Attractively, the crumpled 

graphene sheets possess improved compressive strength,30 thermal diffusivity,31 stability and 
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dispersibility (resistance to aggregation),32 and electron mobility and energy gap,33 along with 

superhydrophobicity and tunable wettability and transmittance,7 which are ideal for applications 

in composites,34,35 sensors,36 electronics,37 energy storage38,39, biomedicine40, and friction and 

wear reduction.41  

Of concern is that many physical properties and applications of crumpled graphene depend 

strongly on its crumpled morphology, such as overall size, degree of crumpling, and internal 

structures.6,16 Further, the effect of topological defects on the crumpled morphology of graphene 

cannot be underestimated among numerous influencing factors. A series of studies suggested that 

topological defects, such as Stone–Wales (SW) defects,42,43 divacancies,44 grain boundaries,45 and 

dislocations,46 cause the local lattice of graphene to distort and deform, which further allow the 

system to reach the lowest energy state, resulting in graphene sheets exhibiting various degrees of 

wrinkling and crumpling.9,10,11,47,48 Usually, graphene sheets bear certain defects due to the 

limitations of the preparation technology; defects can be artificially introduced into graphene by 

several methods, for example, proton irradiation,49 electron beam,50 and ion bombardment.51 It is 

increasingly critical to investigate corrugated and crumpled graphene sheets of large size and 

defect degree, benefiting from the successful synthesis of stand-alone centimeter-scale single-layer 

truly amorphous graphene in recent years.52 To date, many studies have explored the structural 

behavior of graphene-based sheets with different properties in various crumpling 

environments.17,19,20,22,23,24,29,30,53 However, in-depth understanding of the crumpling behavior and 

internal structure of amorphous graphene due to SW defects are still significantly limited. 

In this study, we systematically investigate the crumpling behavior and internal structure of 

SW defected graphene sheets by employing the coarse-grained (CG) molecular dynamics (MD) 

simulations.54 The CG model is derived from the all-atomistic (AA) graphene model using the 
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strain-energy conservation approach with a 4-to-1 mapping scheme maintaining a hexagonal 

lattice geometry (Figure 1a). To obtain the SW defect structure,42,43,55 the bond of CG model can 

be intentionally rotated by 90° around the center of the bond, which transforms four hexagons into 

two pentagons and heptagons (Figure 1b). Note that various amounts of defect sites with different 

orientations were randomly selected throughout the graphene sheet, leading to defect ratios ranging 

from 0 to 0.14. Furthermore, the square CG graphene models studied here have edge lengths L 

ranging from 10.3 nm to 100.6 nm, and the SW defect ratios p considered ranging from 0 to 0.14. 

Specifically, p = 2nsw/N, where N and nsw are the total number of sheet beads and total number of 

SW defects, respectively. In particular, the compacting of the CG sheet model by a confining 

sphere of variable radius Rc (Figure 1c) is simulated to mimic the crumpling process of the sheet 

based on the aerosol evaporation method in the experiment.29,32,56 The compaction ratio 𝜌c =

Rc/Rc0 (𝜌c ≤ 1, 𝜌c = 1 and indicates the sheet in initial equilibrium) is introduced here to describe 

the crumpling degree of the sheet, where Rc0 is the initial radius of the confining sphere. Further 

details of the CG model and MD simulations are given in the Supporting Information and in 

previous studies.19,24,25,30,54  
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Figure 1. (a) A 4-to-1 mapping scheme for the CG graphene model, where four connected carbon atoms of the AA 

model (the black atoms highlighted in the pink region in the zoom-in) are represented by a CG bead (cyan bead). (b) 

Schematic illustration of SW defects with different orientations in CG graphene sheet. For the SW defect, the bond 

between the two CG beads is rotated by 90° to transform four hexagons into two pentagons and heptagons (yellow 

beads). (c) Schematic illustration of the MD simulation of the crumpling process. The SW defected graphene sheet 

with side length L is confined by a confining sphere, and Rc0 and Rc are the radii of the confining sphere in the initial 

state and during the crumpling process, respectively. 

We first discuss the effectiveness of the CG graphene model in simulating SW defects. Then, 

the effect of SW defect ratios on the fractal dimension and Flory exponent of graphene sheets in 

equilibrium is determined by analyzing the radius of gyration, hydrodynamic radius, and intrinsic 

viscosity of the system. Next, by evaluating the total potential energy and shape descriptors of the 

system during the crumpling process, we find that SW defects significantly affect the sheet 

crumpling behavior by weakening its self-adhering and self-folding behaviors. Finally, the local 
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curvature, local stress, cross-section pattern, and order parameter of the cross-section of the sheets 

in the final crumpled state (crumpled spheres) are analyzed to uncover the mechanical 

heterogeneity and amorphous structure arising from the SW defects. 

Defective graphene conformation. We first investigate the conformational features of CG 

graphene sheets (L = 100.6 nm) with various SW defect ratios p in the initial equilibrium (i.e., 

without crumpling). It is observed that the sheets with SW defects exhibit significant corrugations 

compared to the pristine graphene sheet (p = 0) having a relatively flat conformation, and the 

corrugation intensifies with increasing p (Figure 2a). Meanwhile, the analyses of the local out-of-

plane displacement hi distribution (Figure 2b) and the local curvature distribution (Figure S1 in 

the Supporting Information) show that the large out-of-plane buckling region of the sheet increases 

with increasing p. Such corrugation can be quantified by the corrugation amplification factor 

(CAF), which is defined as the ratio of the height fluctuations of any system relative to pristine 

graphene and can be used to assess the impact of defects on the corrugation of graphene. Figure 

2c shows that the CAF is overall exponentially related to p; the CAF increases significantly with 

increasing p when p ≲ 0.03 (i.e., regime 1), while it gradually converges to values of ~3 to 3.7 

when p ≳ 0.03 (i.e., regime 2). These two different regimes could be attributed to defect-induced 

percolation behavior; the defects could form a connected network which spans the sheet.57,58,59 In 

brief, when p is small, the degree of network connectivity of the corrugation is relatively low, 

making the CAF more sensitive to the influence of p; as p becomes larger, this connectivity is 

basically saturated and its CAF does not vary significantly. On a hexagonal lattice one might 

expect a bond percolation threshold of 0.65. On our lattices each SW defect affects of order 10 

bonds, so we would expect the threshold to occur near p~0.065 near where we observe the 

transition to regime 2. 
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Figure 2. (a) Representative configurations and (b) local out-of-plane displacement hi distributions of graphene sheets 

with L = 100.6 nm having various SW defect ratios p in the initial equilibrium. The zoom-ins in panel (a) show the 

detailed distortion of the graphene lattice (with defect-free and SW defects). In panel (b) with p = 0.14, the areas of 

the yellow and red regions enclosed by the green dotted lines are around 1500 nm2 and 1400 nm2, respectively, and 

the blue dashed double-arrow marks the dimension of this yellow region as about 60 nm in the horizontal direction. 

The black line in panel (a) and white line in panel (b) represent the scale bar. (c) Corrugation amplification factor 

(CAF) as a function of p for graphene sheets with L = 100.6 nm. The red dashed line represents the exponential fitting. 

Power-law scaling relationships between the length L of sheets with different p and the (d) radius of gyration Rg, (e) 

hydrodynamic radius Rh, and (f) intrinsic viscosity [𝜂] of the sheets, respectively, in initial equilibrium. The dashed 

lines show the fitting, and the solid arrow marks the direction of increase of p. (g) Variation of fractal dimension D 

and Flory exponent 𝛾 of graphene sheets with varying p. Five independent simulations are performed to obtain the 

average values of CAF, Rg, Rh, [𝜂], D, and 𝛾 for graphene sheets with different SW defects features. Details on the 

calculation of hi, CAF, Rg, Rh, and [𝜂] are given in the Supporting Information and in previous studies.11,24,60 

This phenomenon verifies the direct influence of SW defects on the corrugation 

conformation of simulated defected CG graphene model, which is primarily due to the local 
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distortion and deformation of the SW defective lattice to reach the lowest energy state. This 

observation is similar to the one with reconstructed vacancy (RV) defect,30 resulting in the sheet 

moving out of plane. Our results are consistent with the distortion and corrugation phenomenon of 

SW defects reported in previous studies,11,42,43,61,62 and the obtained CAF is in good agreement 

with the results of the machine learning-based MD simulations.11 It is evident that the SW defected 

graphene model built based on previously developed CG model54 can effectively capture the 

essential conformational features (e.g., corrugations) influenced by defects. More importantly, it 

can be observed from Figure 2b that the area of the continuous region of the maximum and 

minimum hi approaches 1400 nm2 and 1500 nm2, respectively (approximately the area of a square 

sheet with L = 38 nm), spanning up to 60 nm. However, this feature cannot be well captured in 

atomistic modeling because of its spatiotemporal limits. This necessitates the CG model used in 

this work to study the SW defect by considering such size effects, with greatly improved the 

computational efficiency.19,54 

We further explore the effect of SW defects on the conformational scaling laws of graphene 

sheets in equilibrium. It can be found that the radius of gyration Rg (Figure 2d), hydrodynamic 

radius Rh (Figure 2e), and intrinsic viscosity [𝜂] (Figure 2f) of the sheets at various defect ratios p 

obey the scaling laws Rg ∝ L2/D,63 Rh ∝ Lvh,63 and [𝜂] ∝ L3!"2,28 respectively; here, D, vh, and 𝛾 

are the fractal dimension, the scaling exponent of Rh, and the Flory exponent of [𝜂], respectively. 

It is noticeable that Rg , Rh , and [𝜂] all tend to decrease as p  rises, caused by the significant 

wrinkling and crumpling in sheets with large defect ratios. Moreover, the scaling exponent vh of 

Rh obtained here is substantially smaller than the scaling exponent 2/D of Rg, which is consistent 

with previous findings.28,63 On the other hand, D  and 𝛾  of the sheets show increasing and 

decreasing trends with increasing p, respectively (Figure 2g). Analogous to CAF (Figure 2c), the 
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trends in D and 𝛾 can be divided into two regimes, i.e., drastic changes within regime 1 and a 

leveling off within regime 2, which can also be attributed to the defect-induced percolation. It is 

to be noted that the D of defective graphene sheets is slightly larger than that of the completely 

rigid flat sheet (D = 2), indicating that the presence of SW defects improves the packability of the 

sheets to a certain extent.22 Also, 𝛾 (0.95 ≲ 𝛾 ≲ 0.99) obtained here is lower than that for rigid 

surfaces (𝛾 = 1), but much higher than that of the self-avoiding tethered membranes (𝛾 =

0.8),64,65,66 implying that the graphene sheets maintain a nearly planar yet undulating conformation 

under the influence of SW defects. Our analyses of the conformational scaling laws highlight the 

effect of SW defects on the morphology of graphene sheets, contributing to the understanding and 

design of corrugated defective graphene nanosheets. 

Defect-dependent crumpling behavior. To better understand the crumpling behavior of 

SW defected graphene sheets, we evaluate the evolution of the total potential energy increment 

∆PEtotal , relative shape anisotropy 𝜅2 , prolateness S , and configuration of the sheets (L =

100.6 nm) with different defect ratios p during the crumpling process. It can be found that while 

∆PEtotal of the sheet for any p is relatively steady at the beginning of the crumpling (0.6 ≲ 𝜌c ≤ 1) 

and increases significantly at the final stage of the crumpling (0.133 ≤ 𝜌c ≲ 0.2), the valley of 

∆PEtotal at the middle of the crumpling is observed to be less noticeable with the growth of p 

(Figure 3a). This can be attributed to the presence of SW defects that weaken the self-adhesion of 

the graphene sheet (Figure S2), resulting in reduced self-adhering and self-folding behavior of the 

sheet upon crumpling.30 Moreover, the SW defects considerably increase the angle and dihedral 

potential energies of the CG graphene model (Figure S3), leading to a significant increase in 

∆PEtotal of the system with a larger p in the final crumpled state (Figure S4), which suggests the 

more difficult it is to compact the sheet into a spherical shape as p increases. 
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Figure 3. (a) Total potential energy increment per unit area ∆PEtotal , (b) relative shape anisotropy 𝜅2 , and (c) 

prolateness S as a function of the compaction ratio 𝜌c for graphene sheets (L = 100.6 nm) having various SW defect 

ratios p ranging from 0 to 0.14. The solid arrow marks the direction of increase of p. Regimes I, II, and III are 

characterized based on the evolution of 𝜅2 and S. In particular, 𝜅2 = 0.25 for symmetrical ideal flat sheet and 𝜅2 = 0 

for ideal sphere; S = 0 , 0 < S ≤ 2 , and −0.25 ≤ S < 0  for spherical, prolate-like, and oblate-like structures, 

respectively. Shaded areas of the curves correspond to the standard deviation from five independent simulations. 

Representative configurations of crumpled graphene sheets (L = 100.6 nm) for 𝜌c = 0.8, 0.5, 0.35 , and 0.133 , 

respectively, with (d) p = 0 (pristine) and (e) p = 0.14. The gray arrow shows the crumpling process as 𝜌c decreases. 

The black line denotes the scale bar. Details on the calculation of ∆PEtotal, 𝜅2 and S are given in the Supporting 

Information and in previous studies.24,30 
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The analyses of shape descriptors (i.e., 𝜅2 describes the symmetry and dimensionality of the 

model, and S  characterizes the degree to which the model deviates from the prolate 

configuration)67,68 reveals that the crumpling process of SW defected graphene sheets can be 

divided into three regimes, i.e., less bent (0.7 ≲ 𝜌c ≤ 1, regime I), intermediate (0.4± 0.1 ≲ 𝜌c ≲

0.7, regime II), and highly crumpled (0.133 ≤ 𝜌c ≲ 0.4± 0.1, regime III) regimes (Figure 3b,c). 

To be detailed, 𝜅2  and S are maintained around 0.25 and −0.25, respectively, for all sheets in 

regime I, where sheets are less bent out of plane at corners but relatively planar in overall 

configuration (e.g., 𝜌c = 0.8 in Figure 3d,e). In regime II, all sheets have a continuous decrease in 

𝜅2 and increase in S, representing a significant bending and folding of the sheet during this regime 

(e.g., 𝜌c = 0.5  in Figure 3d,e). Notably, 𝜅2  and S  of pristine graphene sheet ( p = 0 ) show 

considerable rebound and fluctuation in the transition from regime II to III, while those of defective 

graphene sheets (e.g., p = 0.14) vary smoothly. This is attributed to the fact that the defects 

weaken the self-adhering and self-folding behaviors of the sheets causing them to form a crumpled 

configuration without large planar regions (e.g., 𝜌c = 0.35 in Figure 3d,e).24,30 All sheets are 

highly compacted into spherical shapes in regime III (e.g., 𝜌c = 0.133 in Figure 3d,e), bringing 𝜅2 

and S  to zero. Our analysis of the radial distribution function g(r)  of the sheets during the 

crumpling process further reveals the defect-dependent transition behavior of the system from the 

initially ordered state to the disordered glassy state (Figure S5). Our simulation results suggest that 

SW defects control the crumpling process of graphene sheets by diminishing the adhesion behavior 

of the system, which provides insights into the design of the crumpled system. 

Mechanical heterogeneity and internal structure. The local curvature K, von Mises stress 

𝜎v, and cross-section patterns of the crumpled graphene sheet in the final crumpled state (𝜌c =

0.133) are evaluated to understand the mechanical heterogeneity and “glass-like” internal structure 
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of the crumples affected by SW defects. It can be found that both the high curvature and high stress 

regions of the crumpled system increase significantly with the increase of the SW defect ratios p 

and coalesce into “dense” networks (Figure 4a,b). Also, the skewed Gaussian-like probability 

distributions of K and 𝜎v switch from relatively concentrated at p = 0 to relatively wide at p =

0.14, and the peaks of the distributions both decrease and shift to larger K and 𝜎v, respectively, as 

p increases (Figure 4c,d). These phenomena verify the direct influence of SW defect ratio on the 

degree of mechanical heterogeneity of the crumpled system, suggesting the presence of pre-stress 

introduced by the SW defects potentially alters the path of stress propagation during the crumpling 

process. We emphasize that the mechanical heterogeneity of the crumpled sheet is dominated by 

the natural distortion of the SW defect lattice (Figure S1), and by the sharp crumples (e.g., bends, 

developable cones, and stretching ridges) developed along the distorted lattice of the sheet upon 

crumpling (Figure 4a).30 Additionally, it is found that the correlation between curvature and stress 

of the crumpled sheet diminishes as the defect ratio increases (Figure S6). 
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Figure 4. Maps of the local (a) curvature K and (b) von Mises stress 𝜎v  distributions for graphene sheets (L =

100.6 nm) with different SW defect ratios p in the final crumpled state (i.e., the crumpled spheres at 𝜌c = 0.133). The 

local curvatures and von Mises stresses are mapped to a 2D planar model for better visualization. Probability 

distributions of the (c) K and (d) 𝜎v for graphene crumpled spheres with different p. (e) Cross-section patterns for 

graphene crumpled spheres (L = 100.6 nm) with varying p . (f) Local order parameter 𝜆  and (g) its probability 

distributions for the cross-section of the graphene crumpled spheres having different defect states. In particular, 0 ≤

𝜆 ≤ 1, and a larger (smaller) 𝜆 indicates a more (less) crystalline system. (h) Variation of the mean order parameter 𝜆̅ 

of the cross-section with p, where the dashed line shows the fitting. The white and black lines denote the scale bar. 

Details on the calculation of K, 𝜎v, and 𝜆 are given in the Supporting Information and in previous studies.25,30,69 

Exploring the cross-section pattern of the crumpled sheet provides valuable insights into its 

internal structures.70,71,72,73,74 Here, the crumpled sphere is cut by a virtual plane passing through 

its center of mass to obtain the cross-section pattern (Figure S7). It can be observed from Figure 
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4e that the cross-section of the crumpled spheres gradually changes from the comparatively 

ordered with lamellar patterns at low SW defect ratios (e.g., p = 0, 0.005) to the disordered 

patterns at high defect ratios (e.g., p = 0.06, 0.14). This can be interpreted as the sheet with low p 

forms more lamellar structures upon crumpling due to the significant self-adhering behavior, 

whereas the system with high p develops more random crumples owing to the distortion of the 

defect lattice and the weaker self-adhering behavior (Figures 2a and 3). Further, we can quantify 

the ordered (semicrystalline) and disordered (amorphous) features of the cross-section pattern 

utilizing local order parameter 𝜆, in case we consider the cross-section pattern of a crumpled sheet 

as the combination of several polymer chains following a specific configuration.69 It is found that 

the laminated and overall straight segments in the cross-section pattern have larger 𝜆, in contrast 

to the segments with distinct folds and undulations that have relatively smaller 𝜆 (Figure 4f). 

Moreover, the segments of large 𝜆 decrease with increasing p (Figure 4f) and the increase in p 

shifts the peak of the probability distribution of 𝜆 to smaller 𝜆 (Figure 4g). The analysis of the 

mean order parameter 𝜆̅ of the entire cross-section pattern shows that 𝜆̅ decreases with raising p 

(Figure 4h). This observation suggests that SW defects reduce the “semicrystalline” configuration 

of the internal structure of the crumpled sheet but lead to more amorphous “glassy” structure, 

which is influenced by defects upon crumpling process. 

In conclusion, we systematically studied the critical role of Stone–Wales (SW) defects on 

the crumpling behavior and internal structure of graphene sheets employing molecular dynamics 

(MD) simulations in this study. The conformational characteristics and scaling laws of defective 

graphene sheets in initial equilibrium, the potential energy and conformational evolutions during 

the crumpling process, as well as the local curvature, local stresses, and cross-section patterns of 

defective graphene crumpled spheres are explored at the molecular level, respectively. We find 
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that the SW defected graphene model based on the previously developed coarse-grained (CG) 

model54 can effectively capture the fundamental conformational features of the sheet under the 

influence of defects. Due to the defect percolation, the conformational scaling laws for graphene 

sheets in initial equilibrium are remarkably influenced by SW defects in the regime of low defect 

ratio (p ≲ 0.03), while they become less sensitive (saturated) in the high defect ratio regime (p ≳

0.03). Moreover, SW defects enhance the sheet’s in-plane elastic and out-of-plane bending 

potentials, making it more resistant to being compacted into a crumpled sphere, which nevertheless 

weakens the self-adhering and self-folding behavior of the graphene sheet during the crumpling 

process. Remarkably, SW defects increase the degree of mechanical heterogeneity and diminish 

the correlation between the local curvature and stress of the graphene crumpled spheres. It is 

interesting to note that the cross-section patterns of crumpled spheres vary from ordered lamellar 

to disordered folds with increasing SW defect ratios, implying that the defects lead to an 

amorphous internal structure. We believe such a fundamental understanding of crumpling behavior 

for defective graphene sheet can serve as a platform and provide more insights into the crumpled 

materials design with predictable internal structures. 
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