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Multilayer graphene platelet films (MGPFs) are widely used in many different applications like flexible elec-
tronics and bendable devices, however, the bending stiffness of MGPFs could significantly affect the functions
and reliability of such products. Although some 2D models have been developed to investigate the effects of
geometric parameters and component material properties on the bending stiffness of graphene films, these 2D
models can’t correctly capture the actual 3D geometric characteristics of MGPFs and thus may not be able to
accurately predict the bending stiffness of MGPFs. In this work, thousands of realistic multiscale 3D geometric
models are constructed to perform finite element simulations and quantify the effects of geometric parameters
and component material properties on the bending stiffness of MGPFs, the obtained results are normalized by
those of the perfect large-sized graphene films and compared with those available in literature. The developed
models and the obtained results apply not only to MGPFs, but also to other types of multilayer laminate com-
posites such as MXene, graphene oxide films and nacre-like materials. The results provide guidelines for the

optimal design of MGPFs and other laminate composites, enabling their potential in diverse applications.

1. Introduction

Two-dimensional (2D) nanosheets such as graphene, MXenes, and
hexagonal boron nitride (h-BN) can be assembled into multilayer van
der Waals materials that have attracted widespread attention due to
their excellent flexibility and processability [1,2]. Among them, gra-
phene stands out for its extraordinary mechanical strength, electrical
and thermal conductivity, optical transparency, and flexibility. How-
ever, the fabrication of large-area, defect-free graphene remains a sig-
nificant challenge. As a practical alternative, multilayer graphene
platelet films (MGPFs) have emerged as promising candidates for flex-
ible electronic applications, where their mechanical adaptability is
particularly well-suited to the demands of next-generation wearable
devices, sensors, and soft robotics. To fully harness their potential, a
thorough understanding and optimization of their bending behaviour is
essential, as flexural performance directly impacts the reliability and
service life of such devices [3-5]. Inspired by natural materials like
nacre [6], researchers have attempted to mimic hierarchical structures
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in multilayer graphene-based films to enhance their mechanical
robustness. While significant progress has been made, much of the
existing research concentrates on enhancing interlayer bonding [7,8],
often neglecting the intricate nanoscale geometries that play a critical
role in effective stress transfer between nanosheets. This oversight
contributes to the persistent disparity between theoretical predictions
and actual performance [9]. Moreover, flexible devices typically require
simultaneous optimization of mechanical, thermal, and electrical
properties, presenting a multidimensional design challenge [10-13].
Although both experimental studies and atomistic simulations have
provided valuable insights into the behaviour of multilayer graphene
and natural lamellar structures, there remains a lack of effective mul-
tiscale models that link the nanoscale architecture to the macroscale
mechanical performance [14-19]. In particular, accurately character-
izing and predicting the out-of-plane bending stiffness remains a critical
challenge. Most theorical calculation research based on 2D models
[19-21], such as tension-shear model, are widely used for their
simplicity but fail to account for the complex three-dimensional (3D)
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architectures and non-uniform deformation patterns inherent in the
bio-inspired MGPFs. These 2D models inadequately capture the local-
ized stress concentrations and the impact of geometric parameters like
platelet overlap and in-plane arrangement. Conversely, while molecular
dynamics (MD) simulations can capture the atomic-scale deformation
and interfacial behaviour, they are computationally intensive, suitable
for models containing less than 1 million atoms, and limited in scal-
ability, making them unsuitable for modelling the macroscopic behav-
iour or informing the engineering-level designs [22]. Therefore, there is
a pressing need to develop reliable multiscale computational models
capable of capturing both the local and global mechanical responses of
MGPFs.

This study, for the first time, uses realistic multiscale 3D random
nacre-like structural models to systematically investigate the bending
stiffness of MGPFs, in which the individual graphene platelets are
modelled as thin stiff shells and the van der Waals interaction between
the staggered graphene platelets is represented by a single layer of
equivalent soft solid material. Thousands of finite element simulations
are performed, and the effects of different geometric parameters on the
bending stiffness of MGPFs are systematically examined and quantified.
It is noted that it is not feasible to use atomistic simulation to obtain all
the required data in this work because each structural model contains
over a billion atoms. This multiscale approach enables accurate simu-
lation of the macroscale mechanical behaviour of MGPFs based on their
nanoscale design features. The insights gained provide a foundation for
the rational design of high-performance MGPFs tailored for flexible
electronics and other advanced applications.

2. Multiscale geometric model and finite element treatment

Finite element method (FEM) is employed to quantify the effects of
different geometric parameters on the bending stiffness of multilayer
graphene platelet films (MGPFs). This section briefly introduces the
construction of multiscale geometric models for MGPFs, the detailed
treatment of the finite element simulations, and the mechanical prop-
erties of the constituent materials in the FEM models.

2.1. Basic geometric model and finite element treatment

In our previous work [23], a 3D periodic nanoscale multilayer
representative volume element (RVE) model was developed to quantify
the effects of different geometric parameters on the five independent
elastic properties of MGPFs. In this study, a higher-level 3D structural
model composed of three identical basic nanoscales periodic multilayer
RVEs is adopted to capture the nanoscale geometric characteristics of
MGPFs, and to quantify the effects of the different geometric parameters
on the bending stiffness of MGPFs.

In the basic 3D nanoscale periodic RVE model with M layers of
graphene and an in-plane side length of L, each layer is composed of N
complete random Voronoi graphene platelets with the minimum dis-
tance 5 between the centers of any neighboring graphene platelets. If all
the graphene platelets are identical hexagons, the distance between the
centers of the neighboring graphene platelets will be dy = 2L/

(\/ 2\/§N). Thus, the degree of regularity of the random graphene

platelets in the basic nanoscale RVE model is defined as a = 5/dy [24],
and «a is the same for the random graphene platelets in each layer of the
same basic REV model. If @ = 1, all the platelets are identical regular
hexagons, while a = 0 represents completely random irregular polygons
with 3-11 sides [24]. In the basic nanoscale RVE model of MGPFs with
random irregular graphene platelets, the mean size of the graphene
platelets is determined as dy, in addition, the neighboring random
Voronoi graphene platelets in each layer are assumed to have the same
uniform intralayer gap which is assumed to be 1 nm or larger so that the
intralayer interaction force between the intralayer neighboring gra-
phene platelets can be ignored [25]. The area fraction of the graphene
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platelets in the basic RVE model is defined as [23]:
N

Fa=) A / 12 @
i1

where A; are the areas of all the individual graphene platelets in the
same layer, and L? is the in-plane area of the basic nanoscale RVE model.
For a given value of Fp, the uniform gap between any two intralayer
neighboring graphene platelets can be easily determined.

Another important geometric parameter of the 3D periodic basic
nanoscale RVE model of MGPFs is the graphene platelet overlap ratio p,
which is defined as [23]:

pP= onerlap /LZ 2

where Agyerigp is the total overlap area of the staggered graphene plate-
lets in two neighboring layers of the basic nanoscale RVE model.
Obviously, p is corelated to Fa, and it has been found [23] that there
exists the relation p « F3.

The commercial ABAQUS 2022 finite element software is used to
perform the finite element analyses. Each of the individual graphene
platelets is meshed into an equivalent single layer of S4R shell elements,
and the interlayer van der Waals interaction force between the staggered
graphene platelets is represented by a single layer of C3D8R solid ele-
ments. To ensure the same out-of-plane bending stiffness (B; = 2.385 x
10"'°Nm) and in-plane stretching stiffness (D = 340 N/m) of monolayer
graphene, the thickness of the shell elements is determined as 0.09029
nm, and the Young’s modulus of the equivalent shell solid material is
obtained as 3.7656 TPa. The equivalent solid layer for van der Waals
interaction has a thickness of t = 0.34 nm and a Young’s modulus of 10
GPa according to the relevant literature [23,26,27]. The Poisson’s ratio
is 0.178 for the equivalent shell material and 0.001 for the equivalent
solid material of van der Waals interaction [23]. It is noted that the
equivalent C3D8R solid elements for van der Waals interaction between
the staggered graphene platelets have common/shared notes with the
equivalent S4R shell elements of these staggered graphene platelets. In
addition, the S4R shell elements have overlap in space with the C3D8R
solid elements in the finite element model, however, this does not cause
any issue in the computational simulation of the ABAQUS software.

2.2. Higher-level structural model

This work aims to quantify the effects of different nanoscale geo-
metric parameters of the basic RVE model, such as mean graphene
platelet size dy, regularity degree of graphene platelets a, graphene area
fraction Fp, the number of complete graphene platelets N in each layer,
and the number of graphene layers M, on the bending stiffness of MGPFs.
Thus, both realistic basic nanoscale RVE model and higher-level struc-
tural model, as well as suitable boundary conditions are critical in FEM
simulations in order to obtain accurate and useful results. In the 3D
multilayer periodic basic nanoscale RVE model, each layer is a 2D pe-
riodic square Voronoi model with the same combination of geometric
parameters L, dy, @, Fp and N. Ideally, pure bending boundary conditions
should be applied to the basic nanoscale RVE model to obtain the
effective bending stiffness of the MGPF, however, it is very difficult to
accurately apply such boundary conditions to the 3D basic nanoscale
RVE model in finite element simulations. If the single 3D basic nanoscale
RVE model is modelled as a cantilever structure with all the nodes on the
lefthand side surface fixed, either concentrated load or another type of
boundary conditions applied to the nodes on the righthand side surface
of the RVE model, as shown in Fig. 1a, would have a great impact on the
accuracy of the obtained effective bending stiffness of the MGPF. To
minimize the effects of the applied boundary conditions, the same pe-
riodic L x L basic nanoscale RVE model of MGPFs is repeated several
times along the span direction to make up a higher-level 3L x L struc-
tural model in this work, as illustrated in Fig. 1b. Based on a comparison
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Fig. 1. Schematics of (a) the single basic nanoscale random periodic RVE model, and (b) the higher-level rectangular 3L x L structural model with three repeated
basic RVEs. (c) Effect of repetition times of the basic nanoscale periodic RVE model with M = 4, dy = 106.5 nm, a = 0.6 and N = 49 on the obtained effective bending
stiffness of MGPFs. (d) The magnitude of the bending stress in the whole lefthand side and righthand side basic RVEs is larger than 30 % of the maximum von

Mises stress.

of the simulation results under different repetition counts of the same
periodic basic nanoscale RVE model, it was found that when the repe-
tition count is greater than or equal to 3, the simulation results of the
higher-level structural model tend to converge as illustrated in Fig. 1c.
Besides, based on the stress distribution in the higher-level rectangular
3L x L structural model as shown in Fig. 1d, the magnitude of the
bending stress in the whole lefthand side and righthand side basic
nanoscale RVEs are larger than 30 % of the maximum von Mises stress in
the whole structural model. Therefore, considering the computational
efficiency and simulation accuracy, in all the simulations of this work,
we choose to repeat 3 times of the same periodic basic nanoscale RVE for
the higher-level rectangular 3L x L structural model, as shown in Fig. 1b,
in all the simulations of MGPFs in this work. All the degrees of freedom
are fixed for the nodes on the lefthand side surface, while for all the
nodes on the righthand side surface, all the other degrees of freedom are
fixed except for a prescribed small vertical displacement A. Periodic
boundary conditions are applied to all the corresponding nodes on the
front and back surfaces, and all the nodes on the top and bottom surfaces
are left unconstrained. Thus, according to the applied vertical
displacement A, the reaction force F obtained from finite element
simulation and the dimensions of the rectangular structural model (i.e.
3L x L), the bending stiffness of MGPFs can be obtained as Bgy =
2.25FL3/A. Some relevant information is also provided in Fig. Slin the
supporting Information.

2.3. Number of platelets in each layer

In this study, increasing the number N of the complete graphene
platelets per layer in the basic nanoscale RVE model allows for a more
accurate representation of the nanostructure of MGPFs and more precise
prediction of the mechanical properties such as the bending stiffness.
However, a larger number N also increases the computational cost and
complexity, making large-scale simulations more time-consuming.

Therefore, selecting an optimal number of complete graphene platelets
N per layer is crucial to balance accuracy and computational efficiency
in the analyses. In this regard, the bending stiffnesses of MGPFs with
different numbers of complete graphene platelets N in each layer of the
basic nanoscale RVE are simulated and their relationship is plotted in
Fig. 2.

As can be seen in Fig. 2, the bending stiffness of the MGPF model is
significantly influenced by the number of complete graphene platelets
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Fig. 2. Effects of the number of complete graphene platelets N in each layer of
the basic nanoscale RVE model on the effective bending stiffness of MGPFs. The
basic nanoscale RVE models have the same number of graphene layers M = 5,
area fraction F, = 0.987, degree of regularity @ = 0.6, and mean graphene
platelet size dy = 150 nm.
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per layer N of the basic nanoscale RVE when N < 36, leading to
considerable fluctuations in both the average values and the stability of
the results. Additionally, the limited number of complete graphene
platelets fails to fully capture the geometric characteristics of the nacre-
like MGPF, resulting in the calculated bending stiffness deviating from
the overall value. Therefore, the number of complete graphene platelets
is chosen as N = 49 for each graphene layer in all the basic nanoscale L
x L RVE models of MGPFs to ensure a balance between high computa-
tional accuracy and manageable computational cost.

2.4. Mesh sensitivity analysis of numerical models

To obtain stable numerical results, a mesh sensitivity analysis was
carried out for different mesh sizes as shown in Fig. 3. The basic nano-
scale RVE model has a number of graphene layers M = 5, a mean size of
graphene platelets dy = 150 nm, number of complete graphene platelets
in each layer N = 49 and graphene platelet regularity degree a = 0.6.
The obtained bending stiffness of MGPFs is normalized by the bending
stiffness of the perfect large-sized multilayer graphene films (By) given
by Refs. [19,28]:

Dt?

By=MB; +-———
M T ow)

(M2 —M) (3

Where M is the number of graphene layers; B; is the out-of-plane
bending stiffness of perfect monolayer graphene and chosen as 2.385
x 107'° Nm [16,19] in this work; D = 340 N/m [29], v = 0.178 [30] and
t = 0.34 nm are the in-plane tensile stiffness and Poisson’s ratio of
monolayer graphene, and the interlayer space of neighboring graphene
sheets, respectively. It is noted that we have performed finite element
simulations to model the small curvature bending of large-sized perfect
multilayer graphene films with different numbers of graphene layers M,
the obtained bending stiffness results agree very well those given by
Equation (3).

As can be seen in Fig. 3a and b, the computational results of the
normalized bending stiffness of the MGPF model gradually converge as
the mesh size decreases and the number of elements increases. However,
Fig. 3b indicates clearly that the computational cost grows exponentially
with the increase of the mesh density. Thus, a rational choice of mesh
density is very important because the effects of different geometric pa-
rameters, such as larger graphene platelet diameter and larger number
of graphene layers, will be investigated, and moreover, thousands of
simulations will be performed to obtain all the required data in this
work. It is noted that it is not feasible to use atomistic simulation to
obtain all the required data in this work because each structural model
contains over a billion atoms.

It should be noted that due to the complex model structure and de-
formations, the simulation results of the bending stiffness may be biased
slightly higher than the actual values because of the mesh density.

Carbon 247 (2026) 121023

However, the trend and stability of the results are little affected by mesh
size variations when the number of elements is sufficiently large. As
demonstrated in Fig. 3a, the model data are relatively stable when the
total number of the S4R shell elements in each graphene layer of the
higher-level rectangular structural model (3L x L) and the C3D8R solid
elements in each equivalent solid layer for the van der Waals interaction
between the staggered graphene platelets exceeds 96,000. The present
study is more focused on the influence trends of different geometric
parameters on the bending stiffness of the MGPF models. To compromise
between the computational cost, the accuracy and reliability of the
obtained data, this study adopts the mesh density as marked in Fig. 3a
and b.

3. Results and discussion
3.1. Effects of the mean size of graphene platelets

During the assembly preparation of MGPFs, the mean size (or
diameter) of graphene platelets can deviate significantly due to the
differences in precursor materials and preparation processes. The
different mean diameters will lead to a great difference in the overall
structure and properties of the MGPFs. With this scenario, the bending
stiffnesses of the MGPF models with different mean sizes of graphene
platelets were calculated based on finite element method simulations.
Fig. 4 plots the effective bending stiffnesses of MGPF models with two-to
six-graphene layers as functions of the dimensionless mean size of gra-
phene platelets (do/lp), where Iy = /Dt/(4Gyaw) = 2.404 nm is the
shear-lag characteristic length [31,32], D is the in-plane tensile stiffness
(ie, 340 N/m) of the graphene platelets, t is the interlayer space be-
tween the staggered neighboring graphene platelets (i.e., the thickness
of the van der Waals interaction layer 0.34 nm), and G4 is the shear
modulus (i.e., 5 GPa) of the equivalent elastic solid material of the van
der Waals interaction layer [23].

In Fig. 4, the effective bending stiffness Bgs of the MGPFs increases
sharply with the increasing dimensionless mean graphene platelet size
when dy/lj is small, gradually levels off when dy/Iy reaches a threshold
value of 60, and approaches the values of the large-sized perfect
multilayer graphene films when doy/lj tends to infinity. It is noted that
the results in Fig. 4 are approximately 2 % larger than the actual values
owing to the effects of the mesh size/density. However, as the intralayer
graphene platelet gap always weakens the in-plane tensile stiffness and
the out-of-plane bending stiffness of the structural model, the bending
stiffness of the MGPF with very large do/l is still slightly (about 1 %)
smaller than that of the large-sized perfect multilayer graphene film.

The relation between Bgg and do/l in Fig. 4 is very similar to that
between the in-plane Young’s modulus E;; and dy/[j in Fig. 2 of litera-
ture [23].This is because when the structural model of MGPF is bent, the
individual graphene platelets undergo in-plane tension or compression,
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Fig. 3. Effects of the total number of elements in each layer of the higher-level 3L x L rectangular structural model on the effective bending stiffness of MGPF (a) and
the corresponding computational time cost (b). The basic nanoscale L x L RVE model has the number of graphene layers M = 5, graphene platelet area fraction F4 =
0.987, degree of regularity @ = 0.6, number of complete graphene platelets N = 49 and mean graphene platelet size dy = 150 nm.
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Fig. 4. Effects of the mean size of graphene platelets on the effective bending
stiffness of MGPFs. The basic nanoscale L x L RVE model has 49 complete
graphene platelets in each layer, number of graphene layers M = 5, degree of
regularity @ = 0.6, and the same uniform gap of 1 nm between the intralayer
neighboring graphene platelets.

and the in-plane tensile/compressive stresses in the graphene platelets
are transferred via the out-of-plane shear deformation of the equivalent
solid material for the van der Waals interaction between the staggered
graphene platelets. The larger the size dy/ly, the larger the size of the
overlap area between any two staggered graphene platelets, thus the
more efficient for the stresses to be transferred inside the MGPF, and
consequently the larger the bending stiffness of the MGPF, which is
clearly supported by the strain contours in Figs. S2a,b,c in the Sup-
porting Information.

According to the results in Fig. 4, the mean size of the graphene
platelets can significantly affect the bending stiffness of MGPFs. In
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addition, the larger the mean graphene platelet size, the larger will be
the total number of elements and the total degrees of freedom in the
MGPF model. To minimize the possible coupled effects of the mean size
of the graphene platelets, the value of do/ly should be sufficiently large.
On the other hand, the computational cost should be feasible as thou-
sands of simulations need to be performed to obtain all the data in this
work. Thus, the mean graphene platelet size is fixed at dy/lyp = 62.4 (or
dp = 150 nm) in the analyzes to investigate the effects of other param-
eters on the bending stiffness of MGPFs in the following subsections.

3.2. Effects of the area fraction of graphene platelets

For the constructed MGPF models, the graphene platelet area frac-
tion Fp and the graphene platelet overlap ratio p can be obtained from
the ABAQUS software according to the definitions given by Equations
(1) and (2). In this subsection, all the boundary gaps between any two
intralayer neighboring graphene platelets in the same MGPF model are
assumed to have the same uniform width. The effects of the graphene
area fraction on the effective bending stiffness of MGPFs are presented in
Fig. 5a, where the bending stiffness of MGPFs has been normalized by
the theoretical value By given by Equation (3) for the large-sized perfect
multilayer graphene film. As can be seen from Fig. 5a, the normalized
bending stiffness of MGPFs always increases with the increase of the
graphene area fraction Fa and is approximately a quadratic function of
the graphene area fraction Fa. As the individual graphene platelets in the
RVE model (or MGPF) are held together by the van der Waals interaction
between the staggered graphene platelets, the graphene platelet overlap
ratio p could significantly affect the in-plane and the out-of-plane elastic
properties of MGPFs [23], consequently, could also remarkably affect
the bending stiffness of MGPFs.

The efficient stress transfer inside an MGPF depends on both the
graphene overlap ratio p (i.e., F5 because p = F3) and the mean graphene
platelet size do/ly. The mean in-plane tensile stiffness of the individual
graphene platelets is approximately Tg = D x dy = 340 x dy, where D =
340 N/m and dy is the mean size of the graphene platelets. The mean
shear stiffness of the equivalent solid layer material for the van der
Waals interaction in the overlapped area between any two staggered
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Fig. 5. (a) Effects of graphene area fraction on the normalized effective bending stiffness of MGPFs. (b) Comparison between the overlap ratios of the MGPF models
with concentrated vacancy defects and with a uniform gap between any two intralayer neighboring graphene platelets. (c) Schematic of both two types of defects in
the MGPF models. The basic L x L nanoscale RVE model has 5 graphene layers, 49 complete graphene platelets in each layer, degree of regularity @ = 0.6, and mean

dimensionless graphene platelet size do/lp = 62.4.
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graphene platelets can be approximated by Tyqw = Gvaw X p X d3/2,
where Gygw = 5 GPa is the shear modulus of the equivalent solid layer
material. If the stress transfer inside the MGPF model is mainly depen-
dent on the shear stiffness of the overlap area, the relation Tg > Tyaw
should be satisfied, which leads to 340 > Gyqw X p X do/2 = 2.5 x 62.4
x 2.404 x F% =375 x F%,i.e. Fa < 0.952. In other words, when dy/ly =
62.4 and Fp < 0.952, the bending stiffness of MGPFs mainly depends on
the shear stiffness of the overlap areas of the staggered graphene
platelets. That is why the bending stiffness Bgs in Fig. 5a can well be
described by a quadratic function of Fy when Fp < 0.952. When Fp >
0.952, the mean tensile stiffness of the individual graphene platelets
becomes smaller than the shear stiffness of the overlap area (i.e., Tg <
Tvaw), thus the bending stiffness Bgg of MGPFs mainly depends on the
tensile stiffness of MGPFs (i.e., the in-plane Young’s modulus E; of the
MGPF). Obviously, the larger the graphene area fraction Fp (or the
graphene overlap ratio p), the larger will be the bending stiffness B of
the MGPFs, which is also confirmed by the tensile strain contours shown
in Fig. S3a in the Supporting Information.

The effects of concentrated defects (or missing graphene platelets) on
the bending stiffness of MGPFs are presented in Fig. 5a for comparison
with those of MGPFs without missing graphene platelets. For the same
value of Fy, the bending stiffnesses of MGPFs with concentrated defects
(or missing graphene platelets) are always slightly smaller than those of
MGPFs without missing graphene platelets, but the trends of their re-
lations between Bgg and Fa are the same. The tensile strain contours
shown in Fig. S3a and S3b in Supporting Information clearly support the
results in Fig. 5a. For MGPFs with either equivalent intralayer graphene
platelet gaps or with concentrated defects (ie., missing graphene
platelets), Fig. 5b shows that their overall graphene overlap ratios are
very close if their graphene platelet area fractions are the same. Obvi-
ously, the very little difference in their overlap ratios is unlikely to cause
a considerable difference between the bending stiffnesses of the two
different types of MGPFs. It is noted that the relations between Bggr and
Fy in Fig. 5b are slightly different from those shown in Fig. 5g in liter-
ature [23] because dy = 150 nm in this work and dy = 500 nm in
literature [23]. For MGPFs with a given fraction of equivalent uniform
gaps between the intralayer neighboring graphene platelets, the bending
stiffness (or the second moment) of the different cross-sections of the
higher-level rectangular 3L x L structural model along the span direc-
tion remains almost unchanged, as can be seen in Fig. 1d. In contrast, for
MGPFs with the same fraction of concentrated defects (i.e. missing
graphene platelets), the bending stiffness (or the second moment) of the
different cross-sections along the span direction could vary over a much
larger range. For different positive numbers a and b with a+b = c, there
always exists the relation 2/(c/2)? < 1/a™ + 1/b" where n > 1, which
means that if the total amount of the defects is the same, nonuniform
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defects result in larger deflection or smaller stiffness. This is why the
obtained bending stiffness of MGPFs with the equivalent gaps between
the intralayer neighboring graphene platelets is always larger than that
of MGPFs with the same fraction of concentrated defects.

3.3. Effects of the number of graphene layers

The effective bending stiffness of MGPFs strongly depends on the
number M of graphene platelet layers, especially when M is smaller than
10 [33]. Fig. 6 shows the effects of M on the effective bending stiffnesses
of MGPFs with a mean dimensionless graphene platelet size dy/ly = 62.4
and different values of graphene platelet area fraction Fa, where the
bending stiffnesses have been normalized by the theoretical results By
given by Equation (3) for the perfect large-sized multilayer graphene
films with the same number of graphene layers M. When F = 0.987, the
normalized bending stiffness of MGPFs mainly depends on the in-plane
Young’s modulus of the MGPFs (as Fp > 0.952, see the results and dis-
cussion in the above section) and is almost a constant value of 0.925.
However, if Fo < 0.952, e.g., 0.870, 0.767 or 0.615, the normalized
bending stiffnesses of MGPFs can approximately be described by the
relation Bgg/By=Fa when the number M of the graphene platelet layers
is 8 or larger. In this case, when an MGPF is bent, the load transfer ef-
ficiency mainly depends on the overlap area between the staggered
graphene platelets, leading to Bgg/By  p =~ F3, see the explanation in
above section. When M < 8, the normalized bending stiffness of MGPFs
is smaller than but still proportional to FZ. The reason is because the
planar-cross-section assumption to derive theoretical results in Equation
(3) may not be satisfied for the bending deformation of MGPFs when M
< 8, making the normalized bending stiffness smaller than Fi. More
relevant results are given in Fig. S4a and b in the Supporting Informa-
tion. It is noted that the regularity degree®* of graphene platelets can
also affect the bending stiffness of MGPFs, as shown in Fig. S5 and the
explanation in the Supporting Information.

3.4. Comparison with relevant results obtained from 2D models

The bending stiffness of multilayer graphene films has been studied
using regular or random irregular 2D models [20,34]. For the conve-
nience to compare the normalized bending stiffness results of MGPFs
obtained from the 3D random multiscale models in this work with those
obtained from 2D models, three different types of 2D periodic nanoscale
basic RVE models of MGPFs with the layer count M = 5, complete gra-
phene platelets N = 5 in each layer and the same gap between any two
intralayer neighboring graphene platelets are constructed as shown in
Fig. 7a. The type-1 model is a fully regular model in which all the gra-
phene platelets have the same length of dy, and all the overlap areas
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Fig. 6. Effects of the number of graphene platelet layers M on the normalized effective bending stiffnesses of MGPFs with different values of graphene platelet area
fraction Fa. All the 3L x L rectangular structural models of MGPFs have 3 x 49 complete graphene platelets in each layer, the degree of regularity @ = 0.6, and the

same dimensionless mean graphene platelet size dy/l, = 62.4.
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platelet layers (M = 5), regularity @ = 0.6; the 2D models have the parameters similar to those of the 3D models.

between any two staggered graphene platelets have the same size of
approximately dy/2. In the type-2 model, all the graphene platelets have
the same length of dj, and the centers of all the graphene platelets in
each layer can be fully determined by a single independent random
number. In the type-3 model, both the length and the centre of the in-
dividual graphene platelets are determined by independent random
numbers. The dimensionless bending stiffnesses of MGPFs can be ob-
tained from a higher-level 2D structural models composed of three
identical 2D periodic basic nanoscale RVEs by FEM simulations. Simi-
larly to the FEM treatment in the 3D models, the van der Waals inter-
action between the staggered graphene platelets is represented by a
single layer of equivalent solid elements, and the graphene platelets are
modelled as beam elements in the 2D FEM models. For more detail about
the construction of the different types of 2D models, see section S6 in the
Supporting Information.

The dimensionless bending stiffnesses of MGPFs obtained from the
different types of 2D models are plotted against the mean graphene
platelet size dy/lp in Fig. 7b and against the graphene area fraction Fp in
Fig. 7c, the results obtained from the 3D models are included for com-
parison. As can be seen in Fig. 7b, when the gap between the intralayer
neighboring graphene platelets is 1 nm and the mean graphene platelet
size dy/ly is small, the dimensionless bending stiffnesses obtained from
the random 2D models are clearly smaller than those obtained from the
3D models. The main reason is that the second moment of the cross-

sections of the higher-level 3D structural model is more uniform along
the span than those of the random 2D structural models, see the dis-
cussion in the above section. However, for the same mean graphene
platelet size dy/ly, the dimensionless bending stiffness obtained from the
perfect regular 2D model could be slightly larger than that obtained
from the 3D model. This is because when an MGPF undergoes out-of-
plane bending, the in-plane stretching/compressive load between any
two intralayer neighboring graphene platelets is transferred via the
shear deformation of the overlap areas of the van der Waals interaction
between these two graphene platelets and their commonly staggered
graphene platelet. Moreover, the load transfer efficiency (and thus the
bending stiffness) is not only dependent on the overall graphene overlap
area fraction Fy (or the overall overlap ratio p) — which is related to the
upper limit, but more importantly limited by the smallest overlap area —
which is related to the lower limit. Fig. 7c also demonstrates that when
the graphene area fraction or the graphene overlap ratio is small, the
dimensionless bending stiffness obtained from the perfect regular 2D
model is slightly larger than that obtained from the 3D model. This is
because for the same graphene overlap ratio, the perfect regular 2D
model, whose lower limit is the same as the upper limit, has more effi-
cient load transfer efficiency than the 3D model when they undergo out-
of-plane bending when Fj is small. However, the bending stiffness ob-
tained from the perfect regular 2D model is smaller than that of the 3D
MGPF model when Fa is larger than 0.75. This is because all the
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graphene platelet gaps in the 2D models are completely concentrated on
the cross-sections of the higher-level structural model, more signifi-
cantly weakening the bending stiffness of the MGPF than the 3D model.
For the dimensionless bending stiffnesses obtained from the 3D models
and the different types of 2D models to reach 50 %, 60 %, 70 %, 80 %
and 90 % of the bending stiffness (By) of the perfect multilayer gra-
phene, the required values of the mean graphene platelet size do/lj are
given in Table 1 for comparison. Fig. 7d shows the comparison between
the trends of the dimensionless bending stiffness vs. the mean graphene
platelet size for the different types of 2D models in this work and the 2D
model in literature [20], where all the models have 8 layers of graphene
platelets. The results obtained from the perfect regular 2D models are
slightly larger than those obtained from other models, but all the
different results are quite close.

4. Versatile applications

Many natural laminated materials, e.g., seashell or nacre, and arti-
ficial laminates, e.g., graphene oxide films or MXene, have the same
geometric characteristics as shown in Fig. 1. They all are composited of
alternating hard- and soft-layers of a uniform layer thickness. Thus, the
normalized (or dimensionless) bending stiffness results of MGPFs ob-
tained in this work also apply to these different types of laminated
materials. For a perfect large-sized two-phase laminated plate/film with
M hard-layers and M-1 soft-layers, the bending stiffness of the laminated
films/plates could be approximated by the following relation

Di(t; +t)°

Dy(t; + 1)
m(w - M)+ (M—1)B, +

By =MBy, + s m

M — 1)3—(M—1)} 4)

where By, Bs, Dy, D;, ty and t; are the out-of-plane bending stiffnesses, in-
plane tensile stiffnesses and layer thicknesses of the hard-phase and soft-
phase monolayer materials, v, and v; are the Poisson’s ratios of the hard
phase and soft phase materials, respectively. It is noted that for most of
the two-phase natural laminated composites such as seashell or nacre,
there is no overlap between the alternating hard and soft layers in space,
and both t, and t; are not zero. However, for large-sized perfect graphene
films, the hard monolayer graphene is a single layer of atoms, its
thickness t;, is so small compared to the thickness of the soft van der
Waals interaction layer (which is the space between the neighboring
graphene layers) and can be assumed to be zero (but Dy = Ej, x t, = 340
N/m) in Equation (4). If the parameters of large-sized perfect multilayer
graphene films are chosen as D, = 340 N/m, D; = 0, By, = 2.385 X 1071°
Nm, B; =0, t; = 0, and t;, = 0.34 nm in Equation (4), the obtained results
of By will be the same as those given in Equation (3).

To demonstrate the versatile applications of the results obtained in
this work, the bending stiffnesses of the different types of laminated
materials should be normalized by those given in Equation (4), then be

Table 1

The mean dimensionless size do/l, of graphene platelets required for the bending
stiffness Bggr obtained from the 3D model of MGPFs, and the three types of 2D
models to reach 50 %, 60 %, 70 %, 80 %, 90 % of the bending stiffness (By) of the
perfect large-sized multilayer graphene films. All the higher-level 3L x L rect-
angular structural models of MGPFs have 3 x 49 complete graphene platelets in
each layer, the degree of regularity @ = 0.6, and the same intra-layer gap 1 nm
between any intralayer neighboring graphene platelets.

Model 50 % 60 % 70 % 80 % 90 %
2D Type-1 10.0 13.1 20.0 35.2 72.3
2D Type-2 13.6 16.8 23.3 35.3 72.6
2D Type-3 14.0 17.4 24.5 35.3 72.5

Our 3D random model 11.35 15.0 20.5 28.9 49.8
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compared with the dimensionless results obtained in this work for
MGPFs. The mean dimensionless size of the hard phase platelets of the
laminated material is obtained as do/ly, where lo = /Dp(t, + t;)/(4G;) is
the shear-lag characteristic length of the laminated material. It is noted
that in a typical alternating two-phase laminated material such as
seashell or nacre or MGPFs, the shear modulus of the hard phase ma-
terial is usually 2-3 orders larger than that of the soft phase material.
Thus, the possible effect of the shear modulus of the hard phase material
on the value of Iy can be ignored. We used the same parameters to
calculate the bending stiffness Brgs of multi-layer plate structures using
finite element software. The obtained results show that the value of
Brga/By is between 0.95 and 0.99, increasing with the number of the
layers.

In order to verify the application in MXene, graphene oxide films, for
the same original 3D L x L basic nanoscale RVE models of MGPFs with
Ey = 3.7656 TPa, ty = 0.987, dy = 150 nm, Fp = 0.987, M = 5, N = 49,
and a = 0.6, the Young’s modulus and the layer thickness of the soft
layer material are alternatively varied within reasonable ranges. In this
case, there are overlaps in space between the stiff shell elements and the
equivalent soft layer solid elements in the FEM models, as illustrated in
Fig. 8a(1). The obtained bending stiffnesses of MXene or graphene oxide
films are normalized by the corresponding value of By and plotted
against the dimensionless mean size dy/lj in Fig. 8b and c, the results in
Fig. 4 are also included for comparison. As can be seen, the dimen-
sionless results between Bgg/By and do/lp obtained from MXene or
graphene oxide films with different material properties and thickness
dimensions of the soft-phase material all approximately follow the same
relationship obtained in Fig. 4, clearly confirming the versatile appli-
cation of the obtained results in this work.

In order to validate the application in seashell or nacre-like lami-
nated materials, for the same original 3D L x L basic nanoscale RVE
models of MGPFs with Fy = 0.987, M =5, N = 49, a = 0.6, and different
values of mean platelet size dy = 50, 100 or 150 nm, the Young’s moduli
and the layer thicknesses of soft and hard phases are systematically and
alternatively varied with different ratios of Ep/E (400, 200, 100, 40, 20)
and t/t; (0.2, 0.5, 1, 2, 5). In this case, both the hard and soft phases are
represented by single- or multi-layer solid elements depending on their
relative layer thickness and there is no overlap in space between the stiff
phase solid elements and the soft phase solid elements in the FEM
models, as illustrated in Fig. 8a(2). The obtained bending stiffnesses of
the seashells or nacre-like materials are normalized by the correspond-
ing values of By given by Equation (4) and plotted against the dimen-
sionless mean size dy/ly in Fig. 8d, with the results in Fig. 4 included for
comparison. As can be seen, the dimensionless results between Bg¢/By
and dy/lj obtained from seashell or nacre-like laminated materials with
different mean platelet sizes, different material properties and thickness
dimensions of the soft and stiff component materials all well follow the
same relationship obtained in Fig. 4, well vindicating the versatile
application of the obtained results in this work.

5. Conclusion

As it is very difficult to produce large-sized perfect graphene films, it
is necessary to assemble graphene or graphene-oxide platelets into
macroscale multilayer structures, such as graphene assemblies and
MXene membranous materials. While numerous experimental studies
have demonstrated that a reduction in mechanical properties is inevi-
table during this process, there remains a significant potential to
enhance the properties and reliability. By optimizing the geometric
configuration of multilayer macroscopic assemblies, such as graphene
films, graphene paper, and MXene composite films, the mechanical
properties of these materials can be brought closer to their ideal results.
This is particularly important given the substantial disparity in the
mechanical properties between large-sized perfect multilayer films and
their macroscopic multilayer platelet counterparts.
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Fig. 8. (a) Schematic of the shell-solid layered model (MGPFs used in this work) and the solid-solid layered model. (b, ¢) Normalized bending stiffness vs.
dimensionless size (do/lp) for the shell-solid layered model, (b) effect of Young’s modulus variation; (c) effect of interlayer thickness variation. (d) Normalized
bending stiffness vs. dimensionless size dy/l, for both structural models under varying interlayer parameters. All the 3L x L higher-level rectangular models of MGPFs
have 3 x 49 complete graphene platelets in each layer, the degree of regularity @ = 0.6, and the same mean size dy/lp = 62.4.

This study systematically analyzes the bending stiffness of nacre-like
MGPFs through thousand finite element simulations using realistic
multiscale 3D models, quantifying the effects of geometric parameters,
such as mean graphene platelet size, graphene area fraction and number
of graphene platelet layers, on the effective bending stiffness of MGPFs.
It is further demonstrated that the normalized results apply to different
types of multilayer materials such as MXene and graphene oxide (GO)
films, nacre and seashells. It is worth noting that the research in this
work is fully focused on small curvature bending stiffness. At the
moment, we are actually working on the large curvature bending
behavior of MGPFs in which the bending deformation involves delam-
ination, and the bending stiffness is a nonlinear function of the bending
curvature when the curvature is very large. The results in this work help
pave the way to achieve reliable and maximum possible bending stiff-
ness of these different types of multi-layered materials.
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