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A B S T R A C T   

Two-dimensional (2D) materials as exemplified by graphene have received a bunch of attention 
for their outstanding properties and enormous application potential. Recently, a macroscopic 
graphene-based material was fabricated simply by stacking the few-layer graphene flakes. The 
resulting film, called SGA, exhibits unusual mechanical behavior, which implies the existence of 
tension-compression asymmetry in its mechanical property. However, direct experimental veri-
fication of such unique mechanical property of the SGA remains deficient because of the difficulty 
in fixturing and applying load on the samples. In this work, we tackle these problems by trans-
ferring the SGA film onto a polyethylene (PE) substrate which can elongate and contract in 
response to the variation of the ambient temperature. Tensile and compressive loads thus can be 
controllably applied to the SGA samples through the SGA/PE interface by tuning the temperature 
variation. The stress-strain curves of the SGA, including tensile and compressive, are deduced 
based on the Stoney equation for thin film-substrate systems, showing the tension-compression 
asymmetry as expected. Theoretical modeling is carried out and reveals the structural basis of 
such unique mechanical behavior. This work not only provides a facile yet effective approach to 
measuring the stress-strain behavior of less-cohesive materials like SGA but also is of great value 
to the design and applications of SGA and other stacked assemblies of 2D materials in flexible 
sensors and actuators.   
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1. Introduction 

Two-dimensional (2D) materials refer to crystalline materials consisting of one or a few layers of atoms along the thickness di-
rection. Recent years have witnessed the surging research interest in 2D materials and breakthroughs in this field. So far, a large family 
of 2D materials has been reported, including graphene, h-BN, 2D oxides, transition metal chalcogenides, 2D van der Waals hetero-
structures, β-Silicene, black phosphorus nanosheets, etc. Due to the ultrathin thickness and ultrahigh specific surface area, 2D materials 
exhibit a range of fascinating electronic, optical, and mechanical properties that are normally absent in their bulk counterparts 
(Bhimanapati et al., 2015; Geim, 2009; Nakada et al., 1996; Sorkin et al., 2017), implying great potentials in diverse applications 
including flexible electronics (Fiori et al., 2014; Kim et al., 2015), nanocomposites (Kim et al., 2010; Potts et al., 2011), photodetectors 
(Huo and Konstantatos, 2018; Long et al., 2019), energy storage devices (Pomerantseva and Gogotsi, 2017; Zhang et al., 2016), etc. To 
acquire high-quality 2D materials, a variety of physical and chemical methods have been developed, including mechanical exfoliation 
(Huang et al., 2015; Novoselov et al., 2004), liquid exfoliation (Coleman et al., 2011; Hanlon et al., 2015), thermal reduction (Chen 
et al., 2010) and chemical vapor deposition (Gupta et al., 2015; Jeon et al., 2015). However, the fabrication process of large-area 
high-quality 2D materials is generally complicated and involves costly equipment for achieving the required ultravacuum and 
high-temperature conditions. In contrast, small-area few-layer 2D materials, such as few-layer graphene flakes, can be produced by 
liquid exfoliation in large quantities at a low cost. One of the promising applications of such small-area flakes is to assemble them into 
macroscopic thin films via techniques such as vacuum filtration method (Hernandez et al., 2008) and Langmuir-Blodgett (L-B) method 
(He et al., 2019). Although the assembled graphene flakes cohere with each other through the weak van der Waals forces, excellent 
electrical conductivity was observed in the SGA film, making it an excellent candidate for soft conductive materials in sensors (He 
et al., 2019; Li and Yang, 2020). In addition, the mechanical behavior of the SGA film was also found unique. In our earlier study, the 
SGA was found to exhibit asymmetric elastoplasticity under tension and compression. Specifically, it exhibits apparent plasticity under 
tension while pure elasticity under compression, which endows the SGA-based soft actuators with great configurational program-
mability (Wang et al., 2020). However, this property of the SGA was inferred from the thermal-induced curling behavior of the 
SGA-based bilayer films and was testified merely by molecular dynamics (MD) simulation. The direct measurement of the mechanical 
behaviors of SGA under tension and compression remains deficient, not to mention the revelation of the underlying structure-property 
relations. The technical difficulty of experimentation mainly lies in the less-cohesive and fragile nature of the SGA films, which can be 
hardly clamped using the traditional fixturing method. Another challenge is the possible buckling of the freestanding SGA film under 
compression, which deters the possibility to measure the property of SGA under compression with the traditional testing method. To 
tackle these problems, in this paper, we transfer the SGA film on a polyethylene (PE) substrate, a thermal-responsive film, to form a 
thin film/substrate bilayer system. By increasing or decreasing the ambient temperature, the PE substrate tends to extend or contract 
while the SGA is relatively inert to the temperature variation, resulting in the tensile or compressive load applied on the SGA film 
through the interface with the PE substrate. By using the Stoney relation for thin film and substrate system, the stress and strain of the 
SGA can be deduced from the measured bending curvature of the bilayer structure, giving rise to the stress-strain curves under tensile 
and compressive loadings. To gain an insightful understanding of the experimental results, theoretical modeling is carried out to 
explore the structural dependences of the characteristic mechanical properties of the SGA including the elastic moduli under tension 
and compression as well as the tensile strength. The whole paper is concluded by discussing the potential applications of the results and 
the limitation of the present work. 

2. Experimental measurement 

2.1. Theoretical basis of the testing approach 

Due to the weak cohesion between graphene flakes as well as the small thickness of SGA film, preparing a free-standing SGA sample 
remains challenging, not to mention fixturing and applying loads on it. To tackle these problems, we constructed a bilayer structure by 

Fig. 1. Schematic illustrations showing (a) the setup for the measurement, (b) force and stress experienced by the SGA film and PE substrate.  
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transferring an SGA film on a PE substrate which can expand or contract in response to the variation of temperature (ΔT). As the 
thermal expansion of graphene is negligibly low, the strain misfit between the SGA film and PE substrate will lead to internal thermal 
stress and bending of the SGA/PE bilayer. Since the van der Waals interaction between PE and graphene is stronger than that between 
graphene flakes in SGA film (Pang et al., 2019), we assume that the SGA film keeps attached on the PE substrate when deforming upon 
loading. The bending curvature (κ) depends on the temperature change and the dimensions and mechanical properties of the SGA film 
and PE substrate (see Fig. 1(a)). The well-known Stoney equation correlates the film stress in the SGA with the bending curvature (κ) of 
the bilayer as (Freund and Suresh, 2004) 

σSGA =
E∗

PEt2
PEκ

6tSGA
(1)  

where E∗
PE ≡ EPE

1− ν2
PE 

is the plane strain modulus of the PE layer with EPE and νPE being the Young’s modulus and Poisson’s ratio, and tSGA 

and tPE are the thicknesses of the SGA film and PE substrate respectively. The validity of Eq. (1) requires tSGA ≪ tPE. This condition is 
satisfied in our SGA/PE bilayers. It should be pointed out that Eq. (1) is based on the plane strain, rather than biaxial, assumption for 
the stress state of the bilayer. This is because the thermal expansion of the PE film is much higher along the direction with preferred 
molecular alignment, which was selected as the longitudinal direction of the film during our sample preparation. Therefore, the 
bending of our SGA/PE bilayers mainly happens about the transverse axis, as schematically shown in Fig. 1(a). 

For the PE substrate, which is subjected to an eccentric axial compressive force F′

= tSGAσSGA near the top surface (Fig. 1(b)), the 
strain near its top surface is given by 

εtop
PE = (αLD + αTDνPE)ΔT −

4tSGA

E∗
PEtPE

σSGA (2)  

where αLD and αTD are the coefficients of thermal expansion of the PE substrate along the longitudinal and transverse direction, 
respectively, and ΔT is the variation of temperature from the ambient temperature. ΔT could be positive or negative. In Eq. (2), the first 
term stands for the thermal strain along the longitudinal direction with transverse strain constrained and the second term represents 
the elastic strain caused by the eccentric axial compression. Continuity of strain across the SGA/PE interface requires that the strain in 
the SGA (εSGA) should be equal to εtop

PE , which upon the substitution of Eq. (1) gives rise to 

Fig. 2. SEM images of (a) top view and (b) cross-section of the prepared SGA film. (c) Schematic diagram showing the structure of SGA film as ply 
number increases. 
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εSGA = εtop
PE = (αLD +αTDνPE)ΔT −

2tPEκ
3

(3)  

For a given ΔT, the bending curvature κ in Eqs. (1) and (3) can be measured experimentally (see Section 2.3). Therefore, the stress and 
strain of the SGA layer can be deduced according to Eqs. (1) and (3), respectively if the values of EPE, νPE, αLD, αTD, tSGA, tPE are known. 
Preliminary measurements indicated that αLD = 3.58 × 10− 4 ∘C− 1 and αTD = 2.54 × 10− 4 ∘C− 1 (see Appendix A), νPE = 0.46 (Ladi-
zesky and Ward, 1971), tPE = 10 μm. The elastic modulus of the PE layer exhibits strong temperature dependence, which can be 
expressed as EPE(T) = 0.045T2 − 6.53T + 284.6 (see Appendix B), with T being the temperature ranging from − 20∘C to 60∘C. Due to 
the stacking structure of the SGA and the rough surface, the measurement of the thickness of the SGA film (tSGA) is not straightforward 
and deserves an elaboration as below. 

2.2. Measurement of the thickness of the SGA films 

Our SGA samples were produced by following the L-B method reported in the literature (Wang et al., 2020). The top and 
cross-sectional SEM images of SGA film show that the staggered graphene flakes form a stacked structure (see Fig. 2(a, b)). Thicker SGA 
film can be obtained by repeating the transferring process in the L-B method multiple times. One more time of transferring gives rise to 
an additional ply of flakes, as schematically shown in Fig. 2(c). The thicknesses of the SGA films with different ply numbers were 
measured by a stylus surface profiler (DektakXT, Bruker). Given the small size of graphene flakes (5~10 μm in-plane dimension), a 
combination of low scanning speed (50 μm/s, the lower limit of the apparatus) and high sampling rate (0.167 μm/point) was employed 
to ensure a precise capture of the profile features of the SGA film. Fig. 3(a) shows the typical profiles of the 1-ply and 6-ply SGA films. It 
can be seen that the height profiles exhibit abrupt peaks resulting from the asperities on the SGA surface (see Fig. 2(b)). If the mean 
value of the profile height at all the sampling points (the blue dashed line in Fig. 3(a)) is taken as the thickness of the SGA, apparently 
an overestimated thickness will be obtained. To eliminate the noise brought by the surface asperities, we calculated the probability 

Fig. 3. (a) Representative surface height profiles of 1-ply and 6-ply SGA films and their corresponding probability densities. (b) Measured thick-
nesses of SGA films with different ply numbers from 1 to 10. Here, N stands for the number of the tested samples. (For interpretation of the ref-
erences to color in this figure, the reader is referred to the web version of this article). 
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density of the thickness at the sampling points, as displayed in Fig. 3(a). The height with density peak (the red dashed line) represents 
the height that is most frequently examined during scanning, namely the mode of the measurements. It describes the thickness of the 
SGA film better than the mean height does. Therefore, the height with peak probability density (i.e., the mode), instead of the mean 
value, is taken as the SGA film thickness (tSGA) in our studies below. Fig. 3(b) shows the measured tSGA for SGA films with different ply 
numbers. These values will be used later when determining the stress and strain in the SGA film. 

2.3. Measurement of the bending curvature 

The curvature measurement of SGA/PE bilayer was performed in a homemade temperature test chamber. The SGA/PE bilayer 
samples were clamped at one end and the other end was free. A thermocouple was placed nearby to monitor the temperature in real- 
time. For loading, the temperature in the chamber was increased or decreased at a rate of 0.5 ◦C min-1 from the room temperature 
(~25 ◦C). In our experiments, the temperature varied in the range of 25 ∼ 60∘C for heating and − 15 ∼ 25 ∘C for cooling. For 
unloading, the temperature in the chamber returned to the room temperature at a rate of 0.5 ◦C min-1. In the loading and unloading 
processes, a digital photo was taken from the side every 2 ◦C change in temperature to capture the bending deflection z(x), based on 
which the bending curvature (κ) can be deduced via κ = z′′

(1+z2′ )3/2. 

To eliminate the effect of gravity on the bending curvature, each test was conducted twice in two different testing configurations: 
one with the SGA layer facing upwards (see Fig. 4(a)) and the other with the SGA layer facing downwards (see Fig. 4(b)). As an 
example, Fig. 4(c) shows the measured deflections of a 3-ply SGA/PE bilayer in two configurations when ΔT = 32 ∘C as well as their 
mean. The bending curvatures calculated from them are shown in Fig. 4(d). As expected, the curvature κ deduced from the mean 
deflection exhibits little variation with x, implying that the gravity effect has been eliminated successfully. 

Fig. 4. Effect of gravity on the bending curvature of the SGA/PE bilayer in response to temperature variation. Schematic diagrams showing two 
different experimental configurations with the SGA layer (a) facing upwards and (b) facing downwards. (c) Measured deflections of the SGA/PE 
bilayer in two different configurations and their average; (d) Bending curvature of the bilayer calculated from the deflections in (c) through κ =

z′′
(1+z2′ )3/2. 
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2.4. Measurement results: stress-strain curves of SGA 

Based on the measured curvature (κ) in combination with the other dimensional parameters and materials constants (EPE, νPE, αLD, 
αTD, tSGA, tPE), the stress and strain of the SGA at different temperatures can be deduced. Fig. 5(a) shows the stress-strain curves of SGA 
films with different ply numbers. Under tensile loading, the stress increases linearly with the strain. The slope, which represents the 
elastic modulus, depends on the ply number of the sample. The more the ply number, the higher the modulus (see Fig. 5(c)). Such 
thickness dependence of the tensile modulus might be attributed to the increased fraction of the graphene flakes with better alignment 
and flatness as the ply number increases. When the tensile strain reaches a critical value around 0.7%, the load-carrying capacity of the 
SGA films saturates, as shown by the plateaus on the stress-strain curves. Under this circumstance, unrecoverable deformation, or 
plastic deformation, happens in the SGA films upon further loading. This can be confirmed by a follow-up unloading process as shown 
in Fig. 5(b). On the other hand, under compressive load, the stress increases linearly with the strain, indicating a pure elastic 
deformation. Such elasticity can be fully recovered upon unloading, as shown in Fig. 5(b). Similarly, the slope of the curve, which 
represents the compressive modulus, increases with the ply number (see Fig. 5(c)). The obtained asymmetric elastoplasticity of the 
SGA film, namely, elastic-perfectly plastic under tension while purely elastic under compression, affirms our previous inference indeed 
(Wang et al., 2020). 

3. Theoretical interpretation of the measured results 

The experimental measurements above reconfirm the asymmetric elastoplastic behavior of the SGA film, which can be fully 
depicted by three characteristic parameters: tensile modulus (Et

SGA), tensile strength (St
SGA), and compressive modulus (Ec

SGA). To 
disclose the dependence of these parameters on the microscopic structure of the SGA and the mechanical properties of the building 
graphene flakes, theoretical modeling was carried out. 

Fig. 5. (a) Measured stress-strain curves of SGA film of different plies. Here, the solid lines represent the fitting curves of the experimental results, 
while the dashed ones represent the theoretical predictions. Model parameters adopted in the prediction of tensile curves: EGF = 4 GPa, Gin =

400 MPa, τin = 30 MPa, hGF = 10 nm, l = 5 μm, hin = 1 nm. Model parameters adopted in the prediction of compressive curves: E11 = 3.5 GPa, 
G13 = 0.7 GPa, E33 = 100 MPa, ν12 = ν13 = 0.1. (b) The measured loading-unloading stress-strain curves for the SGA films with 10 plies. (c) The 
dependence of the mechanical properties of SGA films (tensile modulus, compressive modulus, and yield strength under tension) on the ply number. 
Here, N stands for the number of the tested samples. 
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3.1. Tensile properties of SGA 

By neglecting the non-uniformity of the graphene flakes in dimension and shape as well as the possible imperfect alignment of 
them, we model the SGA film as a staggered multilayer structure of identical flakes with length 2l and thickness hGF, as shown in Fig. 6 
(a). Since the interactions between the adjacent graphene flakes in SGA originate from the van der Waals interaction which is shearing 
dominant when the SGA film is subject to remote tensile load (Yao et al., 2013), an artificial continuum layer then is introduced 
between the adjacent graphene flakes to model the interaction between them. Here, the graphene flakes are modeled as a purely elastic 
material with Young’s modulus and Poisson’s ratio being EGF and νGF, while the artificial interface layer is assumed elastic within the 
interaction range with shear modulus and shear strength being Gin and τin, respectively (see Fig. 6(b)). The periodicity and symmetry of 
the model allow us to consider a representative volume element (RVE) as shown in Fig. 6(c). 

Upon an ever-increasing displacement load Δ, the mechanical response of the RVE model will experience two stages. At stage I (see 
Fig. 6(c)), when the displacement load Δ remains small, the whole RVE including the interface layer undergoes purely elastic 
deformation only, and the shear stress distribution along the interface is given by (Yao et al., 2013): 

τ(x) = GinΔ
hin

⋅
cosh(2μx/l − μ)
coshμ + μ ⋅ sinhμ (0 ≤ x ≤ l) (4)  

where dimensionless parameter μ ≡
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

l2Gin
hGFhinE∗

GF

√
with E∗

GF ≡ EGF
1− ν2

GF 
representing the plane strain modulus of graphene flake, hGF and hin 

representing the thickness of an individual few-layer graphene flake and artificial interface layer, respectively. Force equilibrium of 
graphene flakes implies that the tensile force applied on the end of RVE should be equal to the resultant force of the shear stress applied 
on both sides. That is, 

F|x=l = 2
∫ l

0
τ(x)dx =

2GinΔ
hinμ ⋅

l ⋅ tanhμ
1 + μ ⋅ tanhμ (5) 

The nominal tensile stress applied on the RVE is given by 

σ =
F|x=l

2(hin + hGF)
=

GinΔ
(hin + hGF)hinμ ⋅

l ⋅ tanhμ
1 + μ ⋅ tanhμ (6) 

Dividing the nominal tensile strain ε ≡ Δ/l on both sides of Eq. (6) gives rise to the effective tensile modulus of the SGA as 

Et
SGA ≡

σ
ε =

Gin

(hin + hGF)hinμ ⋅
l2 ⋅ tanhμ

1 + μ ⋅ tanhμ (7) 

Similar prediction has also been made for the effective modulus of the brick-and-mortar structured biological materials (Gao et al., 
2003; Liu et al., 2011a). 

Since the shear stress along the interface is limited by τin, Eq. (4) implies a critical displacement load 

Fig. 6. (a) Staggered multilayer structure of the SGA. (b) The constitutive relation adopted to describe the intermolecular interaction between the 
graphene flakes. Illustrations of (c) the representative volume element (RVE) adopted to model the tensile behavior of SGA, and (d) the configu-
ration of the RVE at the stage II of deformation in which the sliding between graphene flakes in the SGA happens under excessive tension. 
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Δc =
τinhin

Gin
⋅ (1+ μ ⋅ tanhμ), (8)  

above which graphene flakes would slide with respect to each other, leading to the onset of stage II. Substituting Eq. (8) into Eq. (6) 
gives the yield strength of SGA as 

St
SGA =

τinl ⋅ tanhμ
(hin + hGF)μ

(9) 

The deformation of the RVE at stage II can be deemed as the superposition of the inter-flake sliding plus the elastic deformation 
under external loading (Fig. 6(d)). Then the effective stress in the RVE can be obtained simply by replacing l and Δ in Eq. (6) with l − a 
and Δc respectively: 

σ =
τin

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

hGFhinE∗
GF

/
Gin

√

hin + hGF
⋅ tanh

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(l − a)2Gin

hGFhinE∗
GF

√ ]

(10)  

where a stands for the sliding distance between the adjacent flakes as shown in Fig. 6(d). Here, the in-plane deformation of the sliding 
part (a) of the graphene flake is neglected due to its high stiffness and resultant low strain level. Even though Eq. (10) implies the 
dependence of σ on a, the behavior of the hyperbolic tangent function in Eq. (10) determines that such dependence is quite weak 

especially when (l− a)2Gin
hGFhinE∗

GF
≫ 1. By taking typical values EGF = 4 GPa (Li et al., 2019), νGF = 0.1(Wei and Yang, 2019), Gin = 400 MPa 

(Soule and Nezbeda, 1968), τin = 30 MPa, hGF = 10 nm, l = 5 μm, hin = 1 nm, it can be estimated that the hyperbolic tangent function 
in Eq. (10) is close to unity as a varies from 0 to 0.9l. Therefore, the effective stress (σ) is maintained at a constant value close to St

SGA in 
a wide range of strain which includes the unrecoverable component (εp = a/l) due to sliding and the elastic component (εe = Δc /l). 
Such stress plateau in the stage II in combination with the elastic behavior at the stage I comprise the elastic-perfectly plastic behavior 
of the SGA, which is consistent with our experiments above. However, since the theoretical model above did not consider the limited 
thickness of the SGA film along the stacking direction, the theoretical tensile modulus (Et

SGA) and yield strength (St
SGA) we obtained can 

be deemed as their asymptotic solutions for SGA sufficiently thick, as plotted by the broken line in Fig. 5(a) based on the representative 
parameters mentioned above. 

It can be demonstrated that the tensile modulus and yield strength of the SGA can be further simplified to be 

Et
SGA ≅

E∗
GFhGF

hin + hGF
(11)  

St
SGA ≅

τin

hin + hGF

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

hGFhinE∗
GF

Gin

√

(12)  

when the non-dimensional parameter μ ≡
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

l2Gin
hGFhinE∗

GF

√
≫ 1, implying the independence of the tensile properties on the flake length (l) 

then. For typical values of EGF = 4 GPa, νGF = 0.1, Gin = 400 MPa, hin = 1 nm, this condition can be readily satisfied if the thickness 
and lateral size of the graphene flakes fall in the ranges of hGF = 1 ∼ 50 nm and l = 1 ∼ 50 μm, respectively. Taking typical values of 
EGF = 4 GPa, νGF = 0.1, Gin = 400 MPa, τin = 30 MPa, hin = 1 nm, Fig. 7 plots the variations of the tensile modulus and yield strength 

Fig. 7. The dependence of tensile modulus (Et
SGA) and tensile yield strength (St

SGA) of SGA on the thickness (hGF) of graphene flakes. Model pa-
rameters adopted in generating the curves: EGF = 4 GPa, νGF = 0.1, Gin = 400 MPa, τin = 30 MPa, hin = 1 nm. The star symbols indicate the values 
of the SGA films we studied. 
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with hGF as given by Eqs. (11) and (12). It can be seen that thicker graphene flakes would result in a higher tensile stiffness (Et
SGA), 

which is capped by the intrinsic modulus of the graphene flakes E∗
GF. In contrast, the tensile yield strength of SGA (St

SGA) decreases with 
hGF. 

3.2. Compressive properties of SGA 

As slender structures, the graphene flakes in an SGA film tend to buckle under critical compressive load (Bai et al., 2016; Ren et al., 
2016; Wang et al., 2020). The post-buckling deformation of the graphene flakes under compressive load is recoverable and believed to 
be the source of the elasticity as observed in experiments (Fig. 5(a)). Due to the mechanical constraint by the adjacent flakes along the 
out-of-plane direction, the post-buckling configuration of the discontinuous flakes was found similar to that of the continuous 
few-layer graphene sheets (Pan et al., 2019). Therefore, the structural discontinuity of the graphene flakes is neglected in our following 
discussion on the mechanical behavior of the SGA film under compressive load. The SGA film is idealized as a composite consisting of 
continuous few-layer graphene sheets and an artificial continuum matrix simulating the interfacial intermolecular interactions. To 
reveal the post-buckling stress-strain relation of the SGA film, we follow the approaches for modeling the composites with crimped 
reinforcements (Hsiao and Daniel, 1996a, 1996b). The configuration of the buckled graphene sheets is assumed as a sinusoidal wave 

with period L and amplitude A, which can be formulated by expression z(x) = A
(

1 − cos
(

2πx
L

))

. The periodicity in waviness allows 

us to select a one-period-long representative volume element (RVE) for analysis, as shown in Fig. 8. As the period L and amplitude A of 
the graphene sheets may vary significantly under external load, this configuration should be deemed as the instant configuration, 
based on which the discussion on the mechanical response of the SGA to a compressive stress increment load (Δσxx) along the x di-
rection will be made in the following. 

Firstly, we focus on an infinitesimally thin slice with thickness dx, which can be treated as a composite containing parallel graphene 
sheets at an oblique angle θ with respect to the x-axis embedded in the artificial matrix simulating the interfacial interaction, as shown 
in Fig. 8. With the assumption of periodic boundary condition along the z-direction and plane strain condition along the y-direction, 
the stress load Δσxx along the x-direction would result in changes in the other two normal stress components Δσyy(x) and Δσzz(x) and 
one shear stress component Δτxz(x) but bring no change to the components τyz and τxy . The relationship between the incremental stress 
and incremental strain of the slice thus is given by 

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Δεxx
Δεyy
Δεzz
Δγyz
Δγxz
Δγxy

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

=
[
S
]

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Δσxx
Δσyy(x)
Δσzz(x)

0
Δτxz(x)

0

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

S11Δσxx + S12Δσyy(x) + S13Δσzz(x) + S15Δτxz(x)
S21Δσxx + S22Δσyy(x) + S23Δσzz(x) + S25Δτxz(x)
S31Δσxx + S32Δσyy(x) + S33Δσzz(x) + S35Δτxz(x)

0
S51Δσxx + S52Δσyy(x) + S53Δσzz(x) + S55Δτxz(x)

0

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(13)  

where [S] is the instant compliance matrix of the slice in the fixed coordinate system x-y-z. Traditional composite theory indicates that 
(Hsiao and Daniel, 1996b): 

Fig. 8. Representative volume element of the composite model and coordinate systems adopted to model the mechanical behavior of the SGA under 
compression. P.B.C.: periodic boundary condition. 
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[
S
]
= [R][T]− 1

[R]− 1
[S][T ] (14)  

where [S] is the compliance matrix in the principal material coordinates 1–2–3, [T] the transformation matrix, [R] the Reuter matrix. 
Assuming the slice is transversely isotropic in the principal material coordinates 1–2–3, these matrices can be given by 

[S] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

S11 S12 S13 0 0 0
S12 S11 S13 0 0 0
S13 S13 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 2(S11 − S12)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(15a)  

[T] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

c2 0 s2 0 2cs 0
0 1 0 0 0 0
s2 0 c2 0 − 2cs 0
0 0 0 c 0 − s

− cs 0 cs 0 c2 − s2 0
0 0 0 s 0 c

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(15b)  

[R] =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 2 0 0
0 0 0 0 2 0
0 0 0 0 0 2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(15c) 

In Eq. (15a), the components S11 = 1
E11

, S33 = 1
E33

, S12 = − ν12
E11

, S13 = − ν13
E11

, S44 = 1
G13 

with E11 and E33 being the in-plane and out-of- 
plane moduli (without buckling) of a planar SGA film respectively, and G13 the shear modulus in the 1–3 plane, and ν12 and ν13 the 

Poisson’s ratio in the 1–2 and 1–3 planes, respectively. In Eq. (15b), c = cosθ =

[

1 +

(

2πρsin
(

2πx
L

))2]− 0.5

, s = sinθ =

2πρsin
(

2πx
L

)[

1 +

(

2πρsin
(

2πx
L

))2]− 0.5

, with ρ = A/L being the waviness ratio. 

Plane strain condition along the y-direction implies Δεyy ≡ 0, which according to the second equation in Eq. (13) gives rise to 

Δτxz(x) = −
S21

S25
Δσxx −

S22

S25
Δσyy(x) −

S23

S25
Δσzz(x) (16) 

Since Δγxz = Δ(tanθ) = 2πsin
(

2πx
L

)

Δρ, the fifth equation in Eq. (13) implies 

Δσyy(x) =
2πsin

(
2πx
L

)

S52
Δρ −

S51

S52
Δσxx −

S53

S52
Δσzz(x) −

S55

S52
Δτxz(x) (17) 

Substituting Eq. (16) into Eq. (17) to eliminate Δτxz(x) yields 

Δσyy(x) =
2πsin

(
2πx
L

)

S25

S52S25 − S55S22
Δρ +

⎛

⎝S55S21 − S51S25

S52S25 − S55S22

⎞

⎠Δσxx +

⎛

⎝S55S23 − S53S25

S52S25 − S55S22

⎞

⎠Δσzz(x) (18) 

On the other hand, periodic boundary condition along the z-direction requires ∂Δεzz
∂x = 0, implying that Δεzz is a constant inde-

pendent of x. Denoting Δεzz = C, according to the third equation in Eq. (13), we have 

Δεzz = S31Δσxx + S32Δσyy(x) + S33Δσzz(x) + S35Δτxz(x) = C (19) 

By substituting Eqs. (16) and (18) into Eq. (19) to eliminate Δτxz(x) and Δσyy(x), Δσzz can be given in terms of Δσxx and Δρ as 

Δσzz(x) =
C

g(x)
−

f (x)
g(x)

Δσxx −
h(x)
g(x)

Δρ (20)  

where 

f (x) =
S31S25S52 − S35S21S52 − S31S55S22 + S32S55S21 − S32S51S25 + S35S22S51

S52S25 − S55S22  
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g(x) =
S33S52S25 − S35S23S52 − S33S55S22 + S32S55S23 − S32S53S25 + S35S22S53

S52S25 − S55S22  

h(x) = 2πsin
(

2πx
L

)
S32S25 − S35S22

S52S25 − S55S22 

Considering that the SGA along the z-direction is free of load, we propose an additional boundary condition as 
∫L

0

Δσzzdx = 0. 

Taking the integration on both sides of Eq. (20) and using this condition determine the constant C as 

C =
Δσxx

∫ L
0

f (x)
g(x) dx + Δρ

∫ L
0

h(x)
g(x) dx

∫ L
0

1
g(x) dx 

The first equation in Eq. (13) implies 

Δεxx = S11Δσxx + S12Δσyy(x) + S13Δσzz(x) + S15Δτxz(x) (21) 

Substituting Eqs. (16),(18),(20) into Eq. (21) to eliminate Δτxz(x), Δσyy(x) and Δσzz(x) yields 

Δεxx =

[

p(x) −
q(x)f (x)

g(x)

]

Δσxx +

[

r(x) − q(x)
h(x)
g(x)

]

Δρ + C
q(x)
g(x)

(22)  

where 

p(x) =
S11S25S52 − S15S21S52 − S11S55S22 + S12S55S21 − S12S25S51 + S15S22S51

(

S52S25 − S55S22

)

q(x) =
S13S52S25 − S15S23S52 − S13S55S22 + S12S55S23 − S12S53S25 + S15S22S53

(

S52S25 − S55S22

)

r(x) = 2πsin
(

2πx
L

)

(

S12S25 − S15S22

)

(

S52S25 − S55S22

)

Then the effective compressive strain of the RVE, which is equal to the averaged strain of a series of infinitesimal slices over one 
period along the x-direction, is given by 

Δεc =
1
L

∫ L

0
Δεxxdx = ΔσxxM(ρ) + ΔρN(ρ) (23)  

where 

M(ρ) = 1
L

⎧
⎪⎪⎨

⎪⎪⎩

∫ L
0

f (x)
g(x) dx

∫ L
0

q(x)
g(x) dx

∫ L
0

1
g(x) dx

+

∫L

0

[
p(x)g(x) − q(x)f (x)

g(x)

]

dx

⎫
⎪⎪⎬

⎪⎪⎭

N(ρ) = 1
L

⎧
⎪⎪⎨

⎪⎪⎩

∫ L
0

h(x)
g(x) dx

∫ L
0

q(x)
g(x) dx

∫ L
0

1
g(x) dx

+

∫L

0

[
r(x)g(x) − q(x)h(x)

g(x)

]

dx

⎫
⎪⎪⎬

⎪⎪⎭

On the other hand, Δεc is geometrically correlated with Δρ through (see Appendix C) 

Δεc =

[
K(k)/E(k)

ρ(1 + 4π2ρ2)
−

1
ρ

]

Δρ (24)  

where K(k) ≡
∫ π

2
0

1̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1− k2sin2θ

√ dθ and E(k) ≡
∫ π

2
0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − k2sin2θ

√
dθ are the complete elliptic integrals of the first and second kind respectively 

with k ≡

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4π2ρ2

1+4π2ρ2

√

. Combining Eqs. (23) and (24) yields the tangent compressive modulus (Ec
SGA) of the SGA film as 
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Ec
SGA(ρ) ≡

Δσxx

Δεc
=

[
K(k)/E(k)

ρ(1+4π2ρ2)
− 1

ρ

]

− N(ρ)
[

K(k)/E(k)
ρ(1+4π2ρ2)

− 1
ρ

]

M(ρ)
(25) 

From Eq. (25), it can be seen that the compressive stiffness of SGA film (Ec
SGA) is a function of the waviness ratio ρ, whose initial 

value is given by 

Ec
SGA(ρ → 0) =

2S12(S12 − S13)S2
13 − 2S2

11S13(S13 + S33) + 2S3
11S33 + 2S11

(
S3

13 − S2
12S33 + S12S13S33

)

(
S2

11S2
13 + S2

12S2
13 + S3

11S33 − S11S2
12S33

)
S44

. (26) 

If we assume S13 = S12 = − νS11 (i.e., ν13 = ν12 = ν), Eq. (26) can be further simplified to be 

Ec
SGA(ρ → 0) =

2(ν + 1)S33 − 2ν2(ν + 1)S11

[(ν2 + 1)ν2S11 + (1 − ν2)S33]S44
(27) 

Considering that SGA is more condensed along the in-plane directions than in the out-of-plane direction, we may assume S11 ≪ S33. 
Eq. (27) can be further simplified to be Ec

SGA(ρ → 0) ≅ 2(ν+1)
(1− ν2)

G13, showing that the initial compressive stiffness scales up with the shear 
stiffness (G13). 

When ρ > 0, the numerical calculation was applied to Eq. (25) to investigate the dependence of the compressive modulus (Ec
SGA) on 

the waviness ratio (ρ) as well as the affecting material parameters including E11, E33, G13, ν12 and ν13. Considering that the vertical 
stiffness (E33) and Poisson’s ratios (ν12 and ν13) generally vary little, here we mainly focus on the effects of G13 and E11. 

Taking E11 as the tensile modulus of the SGA film, which is measured to be 3.5 GPa in the test above, Fig. 9(a) shows the 
dependence of Ec

SGA on G13 and ρ. It can be seen that if the shear stiffness G13 is taken in the range of 0.5~0.8 GPa, the compressive 
modulus Ec

SGA exhibits little variation as the waviness ratio ρ increases, just as we observed in the experiments (see Fig. 5(a)). In our 
SGA films, the graphene flakes adhere to each other through van der Waals forces only. By introducing other chemical bonding such as 
hydrogen bonding (Compton et al., 2012; Song et al., 2017), covalent bonding (Song et al., 2017), ionic bonding (Park et al., 2008) and 

Fig. 9. Contours showing the dependence of the compressive modulus (Ec
SGA) of the SGA on (a, b) G13 for given E11 = 3.5 GPa, and (c, d) E11 for 

given G13 = 0.7 GPa. The rest model parameters adopted: E33 = 100 MPa, ν12 = ν13 = 0.1 (Wei and Yang, 2019). 
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polymetric intercalation (Chen et al., 2016; Wan et al., 2020) between the graphene flakes may lead to higher G13 and therefore 
produce SGA films with the higher compressive modulus (Ec

SGA) and higher elastic nonlinearity under compression, as predicated by 
Fig. 9(b). Based on the best fitting to our experimental results above, a reasonable estimation for our SGA films is G13 = 0.7 GPa, which 
is consistent with the value reported in literature (Soule and Nezbeda, 1968). 

For given G13 = 0.7 GPa, Fig. 9(c) shows the dependence of Ec
SGA on E11 and ρ. It can be seen that Ec

SGA exhibits distinct evolutions 
with ρ, depending on the value of E11. For higher E11, Ec

SGA monotonically increases with ρ, while for lower E11 it monotonically 
decreases with ρ. Ec

SGA exhibits little variation with ρ when E11 falls in the range of 3~4.5 GPa (Fig. 9(c)). This may explain the excellent 
linearity of the compressive curves of SGA observed in our experiments. Moreover, Fig. 9(c) and (d) show that higher E11 results in 
higher Ec

SGA. Therefore, application of thicker flakes, which would lead to higher tensile modulus (Et
SGA) (see Fig. 7) and E11, could 

produce SGA films with higher compressive modulus (Ec
SGA). 

4. Conclusion and discussion 

In this paper, we experimentally investigated the mechanical behaviors of the SGA films under tensile and compressive loadings by 
taking advantage of the curling behavior of the SGA-based bilayers in response to temperature variation. It was shown that the SGA 
film exhibits elastic-perfectly plastic behavior under tension while purely elastic behavior under compression. This result verified our 
previous prediction based on the molecular dynamics simulations (Wang et al., 2020). Theoretical modeling was further carried out to 
reveal the structural basis accounting for such asymmetric elastoplasticity. Three feature parameters characterizing the mechanical 
behaviors of the SGA, including tensile modulus (Et

SGA), tensile yield strength (St
SGA), and compressive modulus (Ec

SGA), are formulated 
as the functions of the structural dimensions as well as the mechanical properties of the building flakes and the inter-flake interface, 
showing quantitatively the structure-property relations of the SGA. Our work not only provides a facile yet feasible method to measure 
the mechanical behaviors of the stacked assemblies of 2D materials, but also sheds lights on the structural dependence of their 
properties, which would allow us to controllably manipulate the mechanical properties of the stacked assemblies of 2D materials by 
tuning the size and thickness of the building flakes or regulating the interfacial bonding between flakes. This will be of great practical 
value to the application of the SGA and other alike stacked assemblies of 2D materials in sensors and actuators (He et al., 2019; Wang 
et al., 2020). Nevertheless, limitations remain present in our work. For example, when modeling the tensile behavior of the SGA, all the 
graphene flakes were assumed identical and organized regularly in a staggered structure. In reality, however, the shape, size, and 
thickness of the graphene flakes might differ widely (Yang et al., 2019, 2018; Yang and Yao, 2020) and some flakes may be stacked in a 
tilted way, resulting in voids and flaws in the SGA. Additionally, initial wrinkles, ripples or corrugations often exist in soft membranes 
like graphene flakes (Chang et al., 2019; Liu et al., 2011b). These structural imperfection would largely affect the mechanical prop-
erties of the stacking structure (Xie and Wei, 2021). For example, the existence of initial wrinkles or curvatures of the graphene flakes 
would lead to lower tensile modulus of the SGA film especially at small strain before being flattened. Moreover, when preparing the 
SGA samples using the L-B method (He et al., 2019), the graphene flakes were assembled and condensed by the change of water surface 
tension induced by the submersion of a piece of sponge. The extent of condensation, which cannot be controlled precisely, may affect 
the structure of the obtained SGA. The effects of these issues on the mechanical behaviors of SGA are beyond the scope of this paper and 
will be addressed in our future work. 

Fig. A1. The deformation (in terms of strain, εPE) of a PE film along the longitudinal (LD) and transverse directions (TD) with the temperature.  
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Appendix A. Measurement of the coefficient of thermal expansion of PE 

Firstly, a graphene-ethanol solution is sprayed onto the surface of a PE film sample, resulting in random speckles after drying. Then, 
the PE film is hanged in a temperature test chamber, where the temperature varies (increases or decreases) from the room temperature 
(25 ◦C) at a rate of 0.5 ◦C min− 1. Every 4 min, a digital photo is taken on the speckled PE surface to capture the thermally-induced 
deformation of the film. Based on these photos, the strains of PE film along the longitudinal and transverse directions at different 
temperatures are calculated via image processing (ImageJ). Linear curve-fitting on the data, as shown in Fig. A1, gives the coefficients 
of thermal expansion along the longitudinal and transverse directions as 3.58 × 10− 4∘C− 1 and 2.54 × 10− 4∘C− 1, respectively. 

Appendix B. Measurement of the elastic modulus of PE 

Tensile tests are carried out on PE film samples with a dynamic mechanical analyzer (DMA 8000, PerkinElmer) at different 
temperatures ranging from − 15 ∘C to 65 ∘C, which well covers the temperature range employed in the stress-strain curve measure-
ment. The measured elastic modulus of PE (EPE), as shown in Fig. B1, exhibits a strong temperature dependence, which can be perfectly 
described by a quadratic fitting curve EPE(T) = 0.045T2 − 6.53T+ 284.6. This temperature-dependent elastic modulus of PE will be 
applied when determining the stress-strain curve of SGA film. 

Appendix C. A geometrical correlation between Δεc and Δρ 

For a wavy graphene layer with sinusoidal profile given by z(x) = A
(

1 − cos
(

2πx
L

))

, its overall length in a period is 

s = 4
∫L/4

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + z’(x)2
√

dx = 4
∫L/4

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
4π2A2

L2 sin2
(

2π x
L

)
√

dx (C1) 

Letting u = 2π (x− L/4)
L and ρ = A/L, Eq. (C1) can be simplified to be 

s =
2L

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 4π2ρ2

√

π

∫ π
2

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
4π2ρ2

1 + 4π2ρ2 sin2(u)

√

du =
2L

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 4π2ρ2

√

π ⋅ E(k), (C2)  

where E(k) ≡
∫ π

2
0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − k2sin2θ

√
dθ is the complete elliptic integral of the second kind with k ≡

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4π2ρ2

1+4π2ρ2

√

. We assume that the overall 

Fig. B1. Dependence of the elastic modulus of PE film (EPE) on temperature (T). Here N stands for the number of the tested samples.  
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length of the graphene layer is unchanged during the deformation under compression. Then we have 

ds
dρ =

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 4π2ρ2

√

π E(k) dL
dρ +

8Lπ2ρ
π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 4π2ρ2

√ E(k) +
2L

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 4π2ρ2

√

π E′

(k)
dk
dρ = 0 (C3)  

where E′

(k) = dE(k)
dk =

E(k)− K(k)
k with K(k) =

∫ π
2
0

1̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1− k2sin2θ

√ dθ being the complete elliptic integral of the first kind. Substituting this rela-

tionship back to Eq. (C3) to eliminate E′

(k), we have 

dL
Ldρ =

K(k)/E(k)
ρ(1 + 4π2ρ2)

−
1
ρ (C4) 

If we do not distinguish the engineering and true strains at small strain, dεc = dL
L . Eq. (C4) then can be rewritten as 

dεc

dρ =
K(k)/E(k)

ρ(1 + 4π2ρ2)
−

1
ρ (C5) 

This gives rise to the correlation between Δεc and Δρ as 

Δεc =

[
K(k)/E(k)

ρ(1 + 4π2ρ2)
−

1
ρ

]

Δρ (C6)  
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