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A B S T R A C T   

Using large-scale molecular dynamics (MD) simulations in conjunction with continuum modeling, the defor-
mation behaviors of three-dimensional (3D) graphene honeycomb structures under uniaxial in-plane compres-
sion have been systematically investigated. The stress-strain responses of graphene honeycombs were found to be 
dependent on the loading direction, prism size and lattice orientation, but little affected by the junction type. 
Two critical deformation events, i.e., elastic buckling and structural collapse, were identified, with the associated 
local and global structural changes associated at these critical events clarified. Continuum models accounting for 
the effect of lattice orientation and size-dependent yielding have been developed to quantitatively predict the 
threshold stresses for those critical deformation events. In addition, it has been demonstrated that the overall 
stress-strain curve of graphene honeycomb can also be reasonably well predicted via continuum modeling, albeit 
deviation at large strains due to effect of junction on cell wall bending. The present study provides critical 
mechanistic understanding and predictive tools for optimizing and designing 3D graphene honeycombs in small- 
scale applications.   

1. Introduction 

Graphene is a two-dimensional (2D) material comprised by an 
atomically-thin layer of sp2-bonded carbon atoms in a hexagonal lattice. 
Thanks to its unique structure, graphene possesses remarkable proper-
ties including high electronic quality, large specific surface area, supe-
rior thermal conductivity, outstanding mechanical properties, etc. 
[1–4]. These extraordinary properties have been widely employed for 
novel applications in many areas, such as electronics, sensors, energy 
storage and nanocomposites [5]. However, the 2D structural signature 
of graphene is also a curse, bringing many limitations. For example, 
graphene usually suffered from ultra-low bending rigidity, leading to 
low mechanical stability in the out-of-plane direction [6,7]; the corru-
gations such as wrinkles and ripples in graphene further decrease its 
shear strength [8]. Moreover, aggregation and restacking of graphene 
nanosheet often occur during its fabrication due to the strong van der 
Waals interaction, resulting in poor stability of the fabricated graphene 
compared with its bulk counterpart [9,10]. Thus, to further realize the 
full potential of graphene in practical device applications, it is necessary 
to engineer the structure of graphene. 

Several strategies have been proposed to mediate the above negative 
impact while keeping the advantages of graphene. For instance, 
graphene-nanoparticle hybrids have been reported to prevent the ag-
gregation of graphene layers, where nanoparticles can increase the 
interlayer spacing by functioning as a “spacer”, thereby ensuring the 
high specific surface area and possessing beneficial functionalities for 
biosensors and catalysts [11,12]; ultraflat graphene layers have been 
produced by depositing graphene onto atomically flat substrates such as 
mica to suppress or remove the intrinsic winkles, promising a possible 
route towards the design and fabrication of wrinkle-free graphene based 
devices[13,14]; the assembly of graphene into three-dimensional (3D) 
networks has been shown to inherit the strong mechanical properties of 
graphene, while meanwhile can prevent graphene sheet aggregation and 
enable good mass transport [15,16]. 

Among those afore-mentioned strategies, direct transforming gra-
phene into a 3D graphene structure is particularly attractive. Comparing 
with other approaches, this approach, a 2D-3D scale-up of graphene, has 
been demonstrated to be experimentally feasible and controllable 
[17–19]. The resultant 3D architecture also is also much easier to handle 
and manipulate than its 2D constituents [20], a great benefit for 
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practical applications. One realization of such 2D-3D scale-up is to 
covalently bond 2D graphene sheets into a 3D honeycomb structure with 
hexagonal crystal symmetry, which was first hypothesized by Karfunkel 
and Dressler in 1992 [21]. Recently, this 3D honeycomb structure has 
been fabricated experimentally by Krainyukova and Zubarev [17], and 
has been demonstrated to exhibit remarkable stability and high levels of 
physical adsorption. Additional studies that follow have further 
discovered and demonstrated various unique properties of 3D graphene 
honeycomb structures, including theoretically high thermal conductiv-
ity [22,23], high lithium storage capability [24] and giant energy ab-
sorption capability [25], among others. 

Macroscopically honeycomb-type structures have found wide use in 
structural applications [26,27]. This, in turn, has motivated consider-
able efforts in investigating the mechanical properties and deformation 
behaviors of 3D graphene honeycombs and their derivatives. Pang et al. 
performed tensile loading along the in-plane and out-of-plane directions 
of 3D graphene honeycomb structure and demonstrated a specific high 
strength tunable by the cell size [23]. Zhang et al. studied graphene 
honeycombs under in-plane compression along the zigzag direction, 
illustrating a self-localized deformation in honeycomb lattice and 
revealing an important relationship between the mechanical properties 
and honeycomb cell size [28]. Meng et al. investigated the out-of-plane 
compressive behaviors of 3D graphene honeycombs using a set of 

continuum models, which accurately predict the threshold stress at 
critical deformation events [29]. The afore-mentioned studies have 
demonstrated the unique mechanical properties of 3D graphene hon-
eycombs and provided valuable knowledge regarding the responses of 
3D graphene honeycombs under different loading conditions. However, 
despite those great prior efforts, one aspect that remains not well un-
derstood is the mechanical response of 3D graphene honeycombs under 
in-plane compression, for which the deformation mechanisms involved 
remain elusive, with quantitative and predictive description of defor-
mation behaviors missing. In addition, the key atomic characteristics 
affecting the deformation of 3D graphene honeycombs have not been 
identified and clarified. 

In light of the above limitations, this work systematically studied the 
deformation behaviors of 3D graphene honeycomb structures under in- 
plane compression, employing large-scale atomistic simulations in 
combination with continuum modeling. Graphene honeycombs of 
different ribbon orientations and atomic bonding at the cell junction 
were constructed and examined, with the critical deformation events 
identified. Analytical models that can quantitatively capture those 
critical events were developed to offer mechanistic insights into the in- 
plane deformation behaviors of the graphene honeycomb. The present 
study offers comprehensive understanding of the in-plane deformation 
behaviors of 3D graphene honeycombs and can be extended to study 

Fig. 1. 3D graphene honeycomb structures considered in this study, illustrated using ac6 − sp2sp2, zz5 − sp2sp3 and ac6 − sp2sp3 as representatives in (a-c) under 
prospective views and (d-f) under top views. Sample simulation supercell is shown in (g), where atoms colored in black are for easy visualization. In our simulations, 
3D graphene honeycombs are compressed along x or y axis, as illustrated in (h), where the length of the honeycomb prism, angle and thickness are denoted as l, θ and 
t, respectively. 
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other 2D nanomaterial-based 3D honeycomb structures. 

2. Computational method 

Three types of 3D graphene honeycomb structures were considered 
in this study as shown in Fig. 1a-c in prospective views and Fig. 1d-f in 
top views. These honeycombs were named according to the orientation 
of graphene ribbons that constitute the cell wall, followed by sequen-
tially atomic bonding types at the wall and at the junction, with this 
name conversion adopted from previous studies [29,30]. For example, 
the honeycombs in Fig. 1a,d are constituted by armchair (AC) oriented 
ribbons with sp2-bonded carbon atoms in both walls and junctions, thus 
denoted as acn − sp2sp2. Similarly, the honeycombs constituted by zigzag 

(ZZ) ribbons in Fig. 1b,e and Fig. 1c,f were named as zzn − sp2sp3 and 
acn − sp2sp3 respectively. The subscript n in these notations indicates the 
number of hexagons between the two junction lines. Among those 
structures examined, it is worth noting that the acn − sp2sp2 and 
acn − sp2sp3 honeycombs have been fabricated experimentally and 
shown to be stable in simulations [17,23,29,31]. Meanwhile, the 
zzn − sp2sp3honeycomb group has been theoretically confirmed to be 
stable configurations, though not reported experimentally [30–32]. In 
addition, in the present study we only consider graphene honeycombs 
consisting of equilateral honeycomb prisms, i.e., θ = 30◦ for all honey-
combs (see Fig. 1h), as honeycomb structures of random pore/prism 
sizes have been shown to exhibit poor scalability and uncontrollable 
porous distribution [33,34]. 

Fig. 2. Representative stress–strain curves of zz5 − sp2sp3, ac6 − sp2sp2, and ac6 − sp2sp3 honeycombs uniaxially compressed along (a) x and (b) y directions, with the 
critical deformation or fracture events marked next to the corresponding curves. (c) and (d) are the front projection views for ac6 − sp2sp2 honeycomb loaded in x and 
y directions, respectively. (e) and (f) show the zoom-in figures for ac6 − sp2sp2 honeycombs loaded in x and y directions at 10% and 15% or 30% strain respectively, 
with the junction rotation and non-co-linear axial load on the bond depicted between black arrows. In (c)-(f), atoms are colored according to their potential energies. 
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The deformation behaviors of 3D graphene honeycombs were 
examined through large-scale molecular dynamics (MD) simulations, 
performed using the (Large-scale Atomic/Molecular Massively Parallel 
Simulator) LAMMPS package [35]. The interatomic interactions within 

the material are described by the adaptive intermolecular reactive 
empirical bond order (AIREBO) potential [36], with the smaller cut-off 
distance in the switching function modified from 1.7 Å to 2.0 Å to avoid 
the non-physical post-hardening behavior [37–39]. In the simulation, a 
rectangular supercell containing the graphene honeycomb was con-
structed, as shown in Fig. 1g. The in-plane dimension of the simulation 
supercells ranges from 115 Å by 107 Å (89,600 atoms) to 398 Å by 368 Å 
(331,520 atoms) for the acn − sp2sp2 and acn − sp2sp3 honeycombs, and 
109 Å by 101 Å (84,320 atoms) to 327 Å by 302 Å (262,880 atoms) for 
the zzn − sp2sp3 honeycombs, while the out-of-plane dimension (i.e., z 
dimension) is kept as around 135 Å for the acn − sp2sp2 and acn − sp2sp3 

honeycombs and 130 Å for the zzn − sp2sp3 honeycombs. The supercell 
dimensions were chosen to accommodate honeycomb cells of different 
prism length l, and also to ensure no size dependence of the simulations 
results, i.e., for a honeycomb with a specific l, the results were confirmed 
to remain unchanged with further enlargement of the supercell size. 

Periodic boundary conditions were applied in all three directions. 
During the simulations, all honeycomb models were first relaxed with 
the isothermal-isobaric (NPT) ensemble at temperature of 1 K for 100 
picoseconds (ps) to reach equilibrium. Following this initial relaxation, 

Table 1 
Threshold stress and strain values corresponding to critical events, i.e., elastic 
buckling and structural collapse, for three representative honeycombs, 
ac6 − sp2sp2, ac6 − sp2sp3 and zz5 − sp2sp3, under loading along x or y direction.    

Elastic 
buckling 

Structural 
collapse   

Honeycomb Loading 
direction 

Stress 
(GPa) 

Strain (%) Stress 
(GPa) 

Strain 
(%) 

ac6 − sp2sp2  x 0.229 10.6 0.238 32.7  

y – – 0.296 33.9 
ac6 − sp2sp3  x 0.239 9.6 0.247 33.1  

y – – 0.313 35.0 
zz5 − sp2sp3  x 0.165 12.4 0.179 35.2  

y – – 0.203 36.9  

Fig. 3. Prism angle as functions of strain for ac6 − sp2sp2, ac6 − sp2sp3 and zz5 − sp2sp3 honeycombs under loading in (a-c) x direction and (d-f) y direction. Two abrupt 
changes in slope can be observed in (a)-(c), corresponding to the onset of elastic buckling and structural collapse, while one obvious change can be obtained in (d)-(e) 
representing the structural collapse. 
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the system is then loaded under uniaxial compression along one in-plane 
direction (i.e., x or y direction, cf. Fig. 1g), at a strain rate of 10− 4ps− 1 

until failure, with the deformation process and structural evolution 
monitored and analyzed. The timestep of 1 fs (fs) was used for all 
simulations. 

3. Results and discussion 

3.1. Stress–strain response of 3D graphene honeycomb structures 

Fig. 2a and 2b show the stress–strain curves of three representative 
honeycombs loaded in x and y directions respectively. For the purpose of 
comparison, these honeycombs shown correspond to the three different 
types of honeycombs of similar prism length l, i.e., ac6 − sp2sp2 (l =

11.9Å), zz5 − sp2sp3 (l = 12.4Å) and ac6 − sp2sp3 (l = 12.1Å). As seen in 
Fig. 2, the stress–strain response exhibits distinct characteristics when a 
honeycomb is compressed along different directions, but rather insen-
sitive to the different bonding characteristics (at the junction or in the 
honeycomb wall) of honeycombs. Such similarity in the stress–strain 
response is also reflected in the structural evolution, with the same set of 
critical deformation/failure events observed for different honeycombs. 
As such, we use ac6 − sp2sp2 honeycomb as a representative in illus-
trating the structural evolution events during compression along x and y, 
shown in Fig. 2c and 2d respectively. Particularly for compression along 
x direction (cf. Fig. 2a), at small strain, the honeycomb deforms via 
linear elastic bending (e.g., Fig. 2c.i), and in accordance, the stress–-
strain curve exhibits an initial linear region. As the strain increases 

beyond ~ 10%, elastic buckling occurs (e.g., Fig. 2c.ii), accompanying 
which the curve endures a sharp decrease in its slope to become nearly 
flat. Further loading post this threshold event leads to continuously 
increasing magnitude of buckling (e.g., Fig. 2c.iii) until structural 
collapse (Fig. 2c.iv). On the other hand, for compression in y direction 
(c.f. Fig. 2b), the stress–strain curve stays nonlinear from the very 
beginning. The stress monotonically increases with the strain in a 
smooth fashion, until the eventual structural collapse at which clear, 
abrupt drops in stress are observed (c.f. Fig. 2b). Also as illustrated in 
Fig. 2d, for deformation under compression along y, the overall structure 
does not exhibit apparent structural instability before the eventual 
failure. 

The threshold stresses and strains corresponding to those critical 
events (i.e., elastic buckling and structural collapse) for the three hon-
eycomb groups are listed in Table 1. It is interesting to note from Table 1 
that, for the same honeycomb, the threshold stress and strain values 
corresponding to structural collapse are relatively insensitive to the di-
rection of loading, with the ones associated with y direction compression 
being slightly higher. 

Further elaborating on the structural evolution during deformation, 
for compression along x direction (cf. Fig. 2c), we note that the structure 
undergoes transition from the initial elastic bending to elastic buckling 
at ~ 10% strain, indicated by the junctions of honeycomb cells starting 
to rotate. In particular, we can see that neighboring junctions rotate in 
the opposite direction, which is similar to the “anti-rolls” deformation 
mode [40] . The atomic configurations before and after elastic buckling 
are also better illustrated in the zoom-in figures shown in Fig. 2e. 
Loading beyond the occurrence of elastic buckling leads to increased 
magnitude of buckling until eventual structural collapse which occurs at 
the localized bands along the ZZ direction in an asymmetric shearing 
mode of deformation (cf. Fig. 2c.iv). This mode of structural collapse is 
in agreement with the previous work conducted by Zhang et al. [28]. 
Under further deformation, the collapse then extends to neighboring 
columns of honeycomb cells, and continues till all cells are compacted. 
Also it is worthy to note that overall the collapse consists of multiple 
discrete events (with each event corresponding to compacting of one or 
several columns of cells), with each resulting in an abrupt fluctuation in 
the stress–strain curve (see Fig. 2a). The above observations, despite 3D 
graphene honeycomb being nanoscopic, are in good agreement with the 
continuum prediction of the failure characteristics of macroscopic 
honeycomb under uniaxial loading [26]. 

Meanwhile, for compression along y direction (cf. Fig. 2d), no 
obvious junction rotation was observed during the deformation before 
the eventual structural collapse. This difference (as compared to the case 
of compression along x) can be attributed to the symmetry of the hon-
eycomb structure (see Fig. 2d), and the loading states resulted from that, 
as pointed out by Zhu and Mills [41]. The non-linearity in the stress - 
strain curve is likely caused by the switching from the co-linear to non- 
co-linear axial load on the bonds (see Fig. 2f), which magnifies the 
moment and deflection by a factor of 1/(1 − Pa/Pcrit), where Pa is the 
axial component of the load and Pcrit is the Euler load, as suggested by 
Gibson and Ashby. [26]. In addition, the reason why nonlinear bending 
is only present for loading in the y axis can be attributed to the higher 
axial load when loaded in the y axis (i.e., 

̅̅̅
3

√
σy) than that loaded in the x 

axis (i.e., σx/2). Moreover, structural collapse under loading in the y 
direction begins with sudden bond flattening at junction nodes to cause 
individual cell compaction, with the affected cells randomly distributed 
throughout the lattice, leading to abrupt fall in the stress–strain response 
followed by an upturn, as larger load is needed to further the collapse in 
other cells. As shown in Fig. 2d.iv, the deformation develops a so-called 
“rectangles” mode under compression along y axis [40]. It is worth 
noting that a previous study on 3D graphene honeycombs captures a 
shear band behavior when the honeycomb is subjected to compression 
in y direction [42]. Such different responses to compression in y direc-
tion arise from the different prism size used in simulations (7.6–29.2 Å in 

Fig. 4. (a) Representative stress–strain curves from the in-plane compression 
loaded along the x direction for ac6 − sp2sp2, zz5 − sp2sp3 and ac6 − sp2sp3 hon-
eycombs with different prism length l. (b) Simulated and predicted (i.e., Eq. (1)) 
critical buckling stress σx− EB versus l curves for ac6 − sp2sp2, zz5 − sp2sp3 and 
ac6 − sp2sp3 honeycombs, with the inserted figure showing the convergence of 
σx− EB data at large l values. 
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our simulation, while 57.6 Å in Ref. [42]). As a consequence of the small 
prism size used in our study, the random collapse of individual cells 
happens before the occurrence of shear bands. 

As described above, the deformation process involves bond rotation 
or bending. As such, the critical events during deformation may be also 
tracked by monitoring the evolution of honeycomb prism angles (α, β 
and γ) as functions of the compressive strain (εx or εy), as shown in 
Fig. 3. We can see that the abrupt changes in value or slope of the prism 
angle vs. strain plot well correspond to the critical events of elastic 
buckling and eventual structural collapse. Besides, the curves for three 
honeycombs show rather similar trends for both loading directions, 
which again demonstrates that the characteristics of the deformation are 
insensitive to the types of the cell junctions and the orientations of 
graphene nanoribbons that constitute the honeycomb walls. 

In the following sections, those critical events identified are further 
analyzed with their dependence on the honeycomb prism length l 
elucidated and predictive models developed. 

3.2. Elastic buckling 

As afore-discussed, elastic buckling only occurs during loading along 
x direction. In Fig. 4a, representative stress–strain responses of 

acn − sp2sp2, zzn − sp2sp3 and acn − sp2sp3 honeycombs with different 
honeycomb prism length l loaded along x direction are plotted. We see 
from Fig. 4a that the critical buckling strain for the three types of hon-
eycombs are all in the vicinity of 10%, which is in excellent agreement 
with Euler buckling theory and the results in the previous study by 
Zhang et al. [26,31]. Based on those stress–strain curves, the critical 
buckling stress (see Fig. 4a), σx− EB, can be obtained, and is plotted as a 
function of l in Fig. 4b. It can be seen that σx− EB decreases monotonically 
as l increases. At large values of l, we see that σx− EB data from different 
lattice structures converge to a single curve. This suggests that for the 
threshold elastic buckling stress is not dependent on the lattice structure 
when the honeycomb cell is sufficiently large. In addition, the σx− EB vs l 
data of acn − sp2sp2 and acn − sp2sp3 mostly overlap with each other, 
indicative of the threshold buckling being determined by the orientation 
of the ribbon instead of the type of the atomic bonding at the junction. 
Furthermore, overall the AC honeycombs exhibit larger σx− EB than that 
of ZZ honeycombs of the same prism size, with the difference being more 
notable at small values of l. Such difference can be attributed to the fact 
of the AC nanoribbon having a stronger resistance to deformation than 
the ZZ nanoribbon [39,43]. 

From the previous work by Gibson and Ashby [26], a continuum 

Fig. 5. Simulated and predicted critical struc-
tural collapse stress σx− SC and σy− SC vs. l curves 
for ac6 − sp2sp2, zz5 − sp2sp3 and ac6 − sp2sp3 

honeycombs under loading along (a) x and (b) y 
directions respectively. (c) and (d) show the 
dependence of the critical collapse strain on 
prism length l loaded along x and y directions, 
respectively. (e) and (f) are schematics for hon-
eycombs compressed at high strains under 
loading along x and y directions respectively, and 
the deformed half honeycomb cell wall OA can 
be seen as a cantilever beam fixed at junction O 
and loaded at point A by a force P.   
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model has been established for a homogenous honeycomb-type cellular 
solid, where the threshold elastic buckling stress may be predicted as 
Es

n2π2

24
t3

l3
1

cosθ, where , θ, t and l are the Young’s modulus of the solid cell 
wall material, honeycomb prism angle, thickness of the wall, and hon-
eycomb prism length respectively, while n is an end constraint factor 
that describes the rotational stiffness of the junction. However, this 
model does not account for the different lattice structure of the honey-
comb cell wall. In this regard, we have modified the original model as: 

σx− EB = pEs
n2π2

24
t3

l3

1
cosθ

(1)  

where a prefactor p is introduced to incorporate the effect of the lattice 
structure. For the graphene honeycomb, the modulus Es = 1TPa and the 
prism angle θ = π/6, while the wall thickness is taken as t = 0.76Å 
according to previous studies [29,44]). The end constraint factor n is set 
as 0.686 for equilateral honeycomb prisms [26]. Fitting Eq. (1) to the 
simulated critical buckling stress vs. l data in Fig. 4b, we can determine 
the values of p to be 4.2 and 3.1 for AC and ZZ graphene honeycombs 
respectively. The larger p value for AC honeycombs indicates their 
generally better resistance against elastic bulking than the ZZ honey-
combs. Such difference in p value can be attributed to more carbon 
atoms in graphene nanoribbons along the direction perpendicular to the 
junction line for an AC honeycomb than that for a ZZ honeycomb of the 
same l. From Fig. 4b, we see that the prediction σx− EBfrom Eq. (1) ex-
hibits excellent agreements with the simulation data. 

3.3. Structural collapse 

Now we focus on the other category of critical deformation events, i. 
e., structural collapse of the honeycomb. Unlike elastic buckling which 
exclusively occurs for the x direction, structural collapse occurs for both 
x and y direction compression, corresponding to which we denote the 
threshold stresses as σx− SC and σy− SC. Their variations as functions of the 
honeycomb prism size l are plotted in Fig. 5a and 5b. Similar to the trend 
of the critical elastic buckling stress (cf. Fig. 4b above), σx− SC and σy− SC 

decrease as l increases, and the AC honeycomb exhibits a higher σx− SC 
and σy− SC than the ZZ honeycomb of the same l, indicative of a better 
resistance to structural collapse resistance. The monotonic decline in 
σx− SC and σy− SC as l increases can be understood from the continuum 
mechanics, as to be described below. In addition, we also observed that 
for any graphene honeycomb, σx− SC is always smaller than σy− SC. This is 
due to the occurrence of junction rotation for loading in the x direction 
(see Section 3.1 and Fig. 2c-d), which allows large deformations of the 
structure at a nearly constant ‘plateau’ stress before structural collapse 
(see Fig. 2a). 

Moreover, we also plotted the strains at the initiation of the struc-
tural collapse for loading in the x and y directions, denoted as εx− SC and 
εy− SC respectively, as functions of l in Fig. 5c and 5d. We can see that for 
either εx− SC or εy− SC, the data coincide into a single curve, regardless of 
the lattice and junction structures. This suggests that different graphene 
honeycombs of a particular prism size l share the same deformation 
limit. It also hints that the “yielding” leading to the structural collapse is 
occurring at bonds within the cell wall rather than those at the junction, 
which is indeed confirmed by further close-up examination of the atomic 
details of the structural evolution near the collapse event (see details in 
Supporting Information S1). Meanwhile, unlike the cases of elastic 
buckling for which the critical onset strain always revolves around 10% 
strain, εx− SC and εy− SC increase with the increase of l and gradually 
converges to steady values (being ~ 60% and ~ 80% for loading along x 
and y directions respectively) as l becomes rather large. Such a trend can 
be understood by examining the load state within the cell wall, as 
schematically illustrated in Fig. 5e-f. Taking the mid-point of the hon-
eycomb cell wall as a sample point, we see that the segment OA can be 
approximately regarded as a cantilever beam fixed at junction O and 
loaded at point A by a force P. Apparently a smaller prism length l would 
require a larger force P to achieve the same degree of shape cell shape 
distortion, i.e., strain. Thus honeycomb of a smaller prism length l at a 
particular strain would experience higher loading, and consequently 
higher bending moment within the cell wall, rendering earlier structural 
collapse at a smaller strain. 

Fig. 6. Predicted critical structural collapse stress σx− SC or σy− SC vs. l curves for (a)-(b) AC or (c)-(d) ZZ honeycombs using l-dependent σys and various constant σys.  
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As per the continuum theory, the honeycomb will collapse when the 
bending moment in the cell walls reaches the fully plastic moment [26]. 
Consequently, the structural collapse strength σx− SC and σy− SC can be 
predicted as: 

σx− SC = σys

(t
l

)2 1
2cos2θ

(2) 

and: 

σy− SC = σys

(t
l

)2 1

2
(

h
l + sinθ

)

sinθ
(3)  

where l, θ and t are the honeycomb prism size, honeycomb prism angle 
and the cell wall thickness previously defined in Eq. (1). In the contin-
uum framework, σys is defined as the yield stress of the material 
constituting the honeycomb, and taken as a material constant for 3D 
solid material. However, we can see from Fig. 6 that if σys is treated as a 
constant, the model predictions from Eqs. (2) and (3) do not agree with 
the simulation data. In particular, the results shown in Fig. 6 seem to 

suggest that the honeycomb of a smaller l possess a higher σys. The 
discrepancy displayed in Fig. 6 can possibly be attributed to the fact that 
we do not have a 3D solid material but a 2D lattice material in cell walls 
of the graphene honeycomb. One apparent difference resides in the 
process of collapse, where the 3D solid wall material fails by (e.g., shear) 
yielding of material, while the graphene lattice fails via abrupt local 
bond rotation. As mentioned earlier, the collapse occurs at bonds within 
the graphene cell wall but not those at the junction. Nonetheless, those 
bonds where the abrupt bond rotation occurs are within close vicinity to 
the junction, despite not immediately at the junction (see details in 
Supporting Information S1). As a result of this close proximity, the 
junction exerts some influence on the structural collapse although it 
does not directly participate in the process. Such influence, in a way, 
may be understand as constraint on rotation of those bonds within close 
range to the junction, which is reflected on the slight bending of local 
bond at the junction (see details in Supporting Information S2). The 
effect of constraint by the junction diminishes with the increase in the 
prism size, as the degree of bond bending at the junction becomes 
smaller (see Figure S2 in Supporting Information). In light of the above, 
it is reasonable to assume σys as l-dependent rather than a constant, so as 
to account for the constraint exerted by the junction. Fitting the data in 
Fig. 5a and 5b to Eq. (2) and (3) respectively, we found that the struc-
tural collapse strength σx− SC and σy− SC can be well predicted if σys as-
sumes the following expression: 

σys = σα
0i +

kα
i

l
(4)  

where σα
0i and kα

i are two constants determined from fitting (with their 
values tabulated in Table S1), with αindicating the (cell nanoribbon) 
lattice orientation (AC or ZZ) and i = x or y indicating the loading di-
rection. The parameters σα

0i and kα
i have dependence on the lattice 

orientation since junctions may exert different constraint on cell walls 
with different lattice structures. They also have dependence on the 
loading direction, because structural collapse along x and y exhibit 
different modes (c.f. Fig. 2), which consequently renders different 
modes/degrees of bond rotation involved. From Fig. 6, with the l- 
dependent σys (c.f., Eq. (4)) plugged into Eq. (2) and (3), the model 
predictions are in excellent agreement with the simulated σx− SC and 
σy− SC data. 

Besides those critical events, we have also devoted effects to un-
derstanding the overall deformation process, i.e., the stress-stain curve 
during the in-plane compression of graphene honeycombs. Adopting the 
model by Zhu and Mills [41], which consider the cell shape change and 
junction rotation during the deformation process, predictions of the 
overall stress–strain curves have been made (see relevant equations in 
Supporting Information S4). Fig. 7 compares the simulated and pre-
dicted stress–strain curves for several representative graphene honey-
combs. It is important to note that in the plots, the stress is normalized 
by a factor pER2, where p is the prefactor defined in Eq. (1) above (see 
Section 3.2), E is Young’s Modulus of graphene and R is the relative 
density of honeycomb, defined as 2̅ ̅

3
√ t/l (see Supporting Information for 

additional details). From Fig. 7, overall we see that the model prediction 
correctly capture the trend and key characteristics of the stress–strain 
curve, despite not able to capture the event of structural collapse. Now, 
separately examining the two different loading directions, first, for 
loading along x (c.f., Fig. 7a), the predicted stress–strain relationship for 
honeycombs well overlaps with the simulated stress-strains curves for 
different graphene honeycombs at different honeycomb prism size l. 
Meanwhile, for honeycomb loading in the y direction, although the 
predicted and simulated stress–strain curves well overlap at low strains, 
the simulated curves give smaller stress values at high strains compared 
to the predicted curve (see Fig. 7b). This difference is possibly attributed 
to the notable effect of junction on cell wall bending, particularly at high 
strains. Such effect cannot be neglected for 2D lattice materials but is not 
accounted for in Zhu and Mills’ model for regular 3D honeycombs (see 

Fig. 7. (a) and (b) show the simulated stress–strain curves for graphene hon-
eycombs loaded in × or y directions respectively, in comparison with pre-
dictions using Zhu and Mills’ model and from the simulation. Note that the 
stress is normalized by pER2, where p is the prefactor defined in Section 3.2, E is 
Young’s Modulus of graphene and R is the relative density of honeycomb given 
by 2̅ ̅

3
√ t/l. 
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Supporting Information for additional details). Moreover, to further 
confirm this postulation, we have examined how the deviation between 
the predicted and simulated stress–strain curves varies for graphene 
honeycombs of different prism sizes (see Supporting Information for 
details). Indeed we found that the deviation amplifies as the honeycomb 
prism size l decreases (i.e., when a stronger junction effect is expected). 

4. Conclusions 

In conclusion, the deformation behaviors of 3D graphene honeycomb 
structures of different cell lattice orientations, cell prism sizes and 
junction types, under uniaxial in-plane compression, have been 
comprehensively studied employing large-scale molecular dynamics 
simulations and continuum modeling. The stress–strain responses of the 
graphene honeycombs were found to be dependent on the loading di-
rection, prism size and lattice orientation, but not much affected by the 
junction type. Two critical deformation events, i.e., elastic buckling and 
structural collapse, were identified. The local and global structural 
changes associated with these critical events have been clarified, and the 
corresponding threshold stress and strain values have been obtained. In 
addition, the graphene honeycomb was found to exhibit a (prism) size- 
dependent yielding, unlike the isotropic, continuum cellular materials. 
Based on the continuum mechanics framework, but accounting for the 
effect of lattice orientation and size-dependent yielding, we have 
developed models able to quantitatively predict the threshold stresses 
for the critical deformation events of elastic buckling and structural 
collapse. In addition, it has been demonstrated that the overall stress–-
strain curve of graphene honeycomb can also be reasonably well pre-
dicted via continuum modeling, albeit deviation at large strains, which 
can be attributed to the effect of junction on cell wall bending that is not 
accounted for in the continuum model. The present study provides 
critical mechanistic understanding and predictive tools for for opti-
mizing and designing 3D graphene honeycombs in small-scale 
applications. 
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