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Abstract: Two-dimensional (2D) materials as exemplified by graphene have received a 23 

bunch of attention for their outstanding properties and enormous application potential. 24 

Recently, a macroscopic graphene-based material was fabricated simply by stacking the 25 

few-layer graphene flakes. The resulting film, called SGA, exhibits unusual mechanical 26 

behavior, which implies the existence of tension-compression asymmetry in its mechanical 27 

property. However, direct experimental verification of such unique mechanical property of 28 

the SGA remains deficient because of the difficulty in fixturing and applying load on the 29 

samples. In this work, we tackle these problems by transferring the SGA film onto a 30 

polyethylene (PE) substrate which can elongate and contract in response to the variation of 31 

the ambient temperature. Tensile and compressive loads thus can be controllably applied 32 

to the SGA samples through the SGA/PE interface by tuning the temperature variation. 33 

The stress-strain curves of the SGA, including tensile and compressive, are deduced based 34 

on the Stoney equation for thin film-substrate systems, showing the tension-compression 35 

asymmetry as expected. Theoretical modeling is carried out and reveals the structural basis 36 
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of such unique mechanical behavior. This work not only provides a facile yet effective 37 

approach to measuring the stress-strain behavior of less-cohesive materials like SGA but 38 

also is of great value to the design and applications of SGA and other stacked assemblies 39 

of 2D materials in flexible sensors and actuators. 40 

Keywords: Two-dimensional materials; Thin film; Stoney equation; Stacked assembly; 41 

Less-cohesive materials 42 

1. Introduction 43 

Two-dimensional (2D) materials refer to crystalline materials consisting of one or a 44 

few layers of atoms along the thickness direction. Recent years have witnessed the surging 45 

research interest in 2D materials and breakthroughs in this field. So far, a large family of 46 

2D materials has been reported, including graphene, h-BN, 2D oxides, transition 47 

metal chalcogenides, 2D van der Waals heterostructures, β-Silicene, black phosphorus 48 

nanosheets, etc. Due to the ultrathin thickness and ultrahigh specific surface area, 2D 49 

materials exhibit a range of fascinating electronic, optical, and mechanical properties that 50 

are normally absent in their bulk counterparts (Bhimanapati et al., 2015; Geim, 2009; 51 

Nakada et al., 1996; Sorkin et al., 2017), implying great potentials in diverse applications 52 

including flexible electronics (Fiori et al., 2014; Kim et al., 2015), nanocomposites (Kim 53 

et al., 2010; Potts et al., 2011), photodetectors (Huo and Konstantatos, 2018; Long et al., 54 

2019), energy storage devices (Pomerantseva and Gogotsi, 2017; Zhang et al., 2016), etc. 55 

To acquire high-quality 2D materials, a variety of physical and chemical methods have 56 

been developed, including mechanical exfoliation (Huang et al., 2015; Novoselov et al., 57 

2004), liquid exfoliation (Coleman et al., 2011; Hanlon et al., 2015), thermal reduction 58 

(Chen et al., 2010) and chemical vapor deposition (Gupta et al., 2015; Jeon et al., 2015). 59 

However, the fabrication process of large-area high-quality 2D materials is generally 60 

complicated and involves costly equipment for achieving the required ultravacuum and 61 

high-temperature conditions. In contrast, small-area few-layer 2D materials, such as few-62 

layer graphene flakes, can be produced by liquid exfoliation in large quantities at a low 63 

cost. One of the promising applications of such small-area flakes is to assemble them into 64 

macroscopic thin films via techniques such as vacuum filtration method (Hernandez et al., 65 

2008) and Langmuir-Blodgett (L-B) method (He et al., 2019). Although the assembled 66 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chalcogenides
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graphene flakes cohere with each other through the weak van der Waals forces, excellent 67 

electrical conductivity was observed in the SGA film, making it an excellent candidate for 68 

soft conductive materials in sensors (He et al., 2019; Li and Yang, 2020). In addition, the 69 

mechanical behavior of the SGA film was also found unique. In our earlier study, the SGA 70 

was found to exhibit asymmetric elastoplasticity under tension and compression. 71 

Specifically, it exhibits apparent plasticity under tension while pure elasticity under 72 

compression, which endows the SGA-based soft actuators with great configurational 73 

programmability  (Wang et al., 2020). However, this property of the SGA was inferred 74 

from the thermal-induced curling behavior of the SGA-based bilayer films and was 75 

testified merely by molecular dynamics (MD) simulation. The direct measurement of the 76 

mechanical behaviors of SGA under tension and compression remains deficient, not to 77 

mention the revelation of the underlying structure-property relations. The technical 78 

difficulty of experimentation mainly lies in the less-cohesive and fragile nature of the SGA 79 

films, which can be hardly clamped using the traditional fixturing method. Another 80 

challenge is the possible buckling of the freestanding SGA film under compression, which 81 

deters the possibility to measure the property of SGA under compression with the 82 

traditional testing method. To tackle these problems, in this paper, we transfer the SGA 83 

film on a polyethylene (PE) substrate, a thermal-responsive film, to form a thin 84 

film/substrate bilayer system. By increasing or decreasing the ambient temperature, the PE 85 

substrate tends to extend or contract while the SGA is relatively inert to the temperature 86 

variation, resulting in the tensile or compressive load applied on the SGA film through the 87 

interface with the PE substrate. By using the Stoney relation for thin film and substrate 88 

system, the stress and strain of the SGA can be deduced from the measured bending 89 

curvature of the bilayer structure, giving rise to the stress-strain curves under tensile and 90 

compressive loadings. To gain an insightful understanding of the experimental results, 91 

theoretical modelling is carried out to explore the structural dependences of the 92 

characteristic mechanical properties of the SGA including the elastic moduli under tension 93 

and compression as well as the tensile strength. The whole paper is concluded by discussing 94 

the potential applications of the results and the limitation of the present work. 95 

 96 
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2. Experimental measurement 97 

2.1 Theoretical basis of the testing approach 98 

Due to the weak cohesion between graphene flakes as well as the small thickness of 99 

SGA film, preparing a free-standing SGA sample remains challenging, not to mention 100 

fixturing and applying loads on it. To tackle these problems, we constructed a bilayer 101 

structure by transferring an SGA film on a PE substrate which can expand or contract in 102 

response to the variation of temperature (∆𝑇). As the thermal expansion of graphene is 103 

negligibly low, the strain misfit between the SGA film and PE substrate will lead to internal 104 

thermal stress and bending of the SGA/PE bilayer. Since the van der Waals interaction 105 

between PE and graphene is stronger than that between graphene flakes in SGA film (Pang 106 

et al., 2019), we assume that the SGA film keeps attached on the PE substrate when 107 

deforming upon loading. The bending curvature (𝜅) depends on the temperature change 108 

and the dimensions and mechanical properties of the SGA film and PE substrate (see Fig. 109 

1(a)). The well-known Stoney equation correlates the film stress in the SGA with the 110 

bending curvature (𝜅) of the bilayer as (Freund and Suresh, 2004)  111 

 𝜎SGA =
𝐸PE
∗ 𝑡PE

2 𝜅

6𝑡SGA
 (1) 112 

where  𝐸PE
∗ ≡

𝐸PE

1−𝜈PE
2  is the plane strain modulus of the PE layer with 𝐸PE and 𝜈PE being the 113 

Young’s modulus and Poisson’s ratio, and 𝑡SGA  and 𝑡PE are the thicknesses of the SGA 114 

film and PE substrate respectively. The validity of Eq. (1) requires 𝑡SGA ≪ 𝑡PE . This 115 

condition is satisfied in our SGA/PE bilayers. It should be pointed out that Eq. (1) is based 116 

on the plane strain, rather than biaxial, assumption for the stress state of the bilayer. This 117 

is because the thermal expansion of the PE film is much higher along the direction with 118 

preferred molecular alignment, which was selected as the longitudinal direction of the film 119 

during our sample preparation. Therefore, the bending of our SGA/PE bilayers mainly 120 

happens about the transverse axis, as schematically shown in Fig. 1(a).  121 
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 122 

Fig. 1. Schematic illustrations showing (a) the setup for the measurement, (b) force and 123 

stress experienced by the SGA film and PE substrate.   124 

For the PE substrate, which is subjected to an eccentric axial compressive force 𝐹′ =125 

𝑡SGA𝜎SGA near the top surface (Fig. 1(b)), the strain near its top surface is given by 126 

 𝜀PE
top

= (𝛼LD + 𝛼TD𝜈PE)Δ𝑇 −
4𝑡SGA

𝐸PE
∗ 𝑡PE

𝜎SGA (2)  127 

where 𝛼LD and 𝛼TD are the coefficients of thermal expansion of the PE substrate along the 128 

longitudinal and transverse direction, respectively, and Δ𝑇 is the variation of temperature 129 

from the ambient temperature. Δ𝑇 could be positive or negative. In Eq. (2), the first term 130 

stands for the thermal strain along the longitudinal direction with transverse strain 131 

constrained and the second term represents the elastic strain caused by the eccentric axial 132 

compression. Continuity of strain across the SGA/PE interface requires that the strain in 133 

the SGA (𝜀SGA) should be equal to 𝜀PE
top

, which upon the substitution of Eq. (1) gives rise 134 

to 135 

 𝜀SGA = 𝜀PE
top

= (𝛼LD + 𝛼TD𝜈PE)Δ𝑇 −
2𝑡PE𝜅

3
 (3) 136 

For a given Δ𝑇, the bending curvature 𝜅 in Eqs. (1) and (3) can be measured experimentally 137 

(see Section 2.3). Therefore, the stress and strain of the SGA layer can be deduced 138 

according to Eqs. (1) and (3) respectively if the values of 𝐸PE, 𝜈PE, 𝛼LD , 𝛼TD, 𝑡SGA, 𝑡PE 139 

are known. Preliminary measurements indicated that 𝛼LD = 3.58 × 10
−4 ℃−1 and 𝛼TD =140 

2.54 × 10−4 ℃−1  (see Appendix A), 𝜈PE = 0.46  (Ladizesky and Ward, 1971), 𝑡PE =141 

10 μm. The elastic modulus of the PE layer exhibits strong temperature dependence, which 142 

can be expressed as  𝐸PE(𝑇) = 0.045𝑇
2 − 6.53𝑇 + 284.6  (see Appendix B), with  𝑇 143 
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being the temperature ranging from −20℃ to 60℃. Due to the stacking structure of the 144 

SGA and the rough surface, the measurement of the thickness of the SGA film (𝑡SGA) is 145 

not straightforward and deserves an elaboration as below.  146 

 147 

2.2 Measurement of the thickness of the SGA films 148 

 149 

Fig. 2. SEM images of (a) top view and (b) cross-section of the prepared SGA film. (c) 150 

Schematic diagram showing the structure of SGA film as ply number increases.   151 

Our SGA samples were produced by following the L-B method reported in the 152 

literature (Wang et al., 2020). The top and cross-sectional SEM images of SGA film show 153 

that the staggered graphene flakes form a stacked structure (see Fig. 2(a, b)). Thicker SGA 154 

film can be obtained by repeating the transferring process in the L-B method multiple times. 155 

One more time of transferring gives rise to an additional ply of flakes, as schematically 156 

shown in Fig. 2(c). The thicknesses of the SGA films with different ply numbers were 157 

measured by a stylus surface profiler (DektakXT, Bruker). Given the small size of graphene 158 

flakes (5-10 μm in-plane dimension), a combination of low scanning speed (50 μm/s, the 159 

lower limit of the apparatus) and high sampling rate (0.167 μm/point) was employed to 160 
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ensure a precise capture of the profile features of the SGA film. Fig. 3(a) shows the typical 161 

profiles of the 1-ply and 6-ply SGA films. It can be seen that the height profiles exhibit 162 

abrupt peaks resulting from the asperities on the SGA surface (see Fig. 2(b)). If the mean 163 

value of the profile height at all the sampling points (the blue dashed line in Fig. 3(a)) is 164 

taken as the thickness of the SGA, apparently an overestimated thickness will be obtained. 165 

To eliminate the noise brought by the surface asperities, we calculated the probability 166 

density of the thickness at the sampling points, as displayed in Fig. 3(a). The height with 167 

density peak (the red dashed line) represents the height that is most frequently examined 168 

during scanning, namely the mode of the measurements. It describes the thickness of the 169 

SGA film better than the mean height does. Therefore, the height with peak probability 170 

density, instead of the mean value, is taken as the SGA film thickness (𝑡SGA) in our studies 171 

below. Fig. 3(b) shows the measured 𝑡SGA for SGA films with different ply numbers. These 172 

values will be used later when determining the stress and strain in the SGA film. 173 

 174 
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Fig. 3. (a) Representative surface height profiles of 1-ply and 6-ply SGA films and their 175 

corresponding probability densities. (b) Measured thicknesses of SGA films with different 176 

ply numbers from 1 to 10. Here, N stands for the number of the tested samples. 177 

2.3 Measurement of the bending curvature 178 

The curvature measurement of SGA/PE bilayer was performed in a homemade 179 

temperature test chamber. The SGA/PE bilayer samples were clamped at one end and the 180 

other end was free. A thermocouple was placed nearby to monitor the temperature in real-181 

time. For loading, the temperature in the chamber was increased or decreased at a rate of 182 

0.5℃/min from the room temperature (~25℃). In our experiments, the temperature varied 183 

in the range of 25~60 ℃  for heating and −15~25℃  for cooling. For unloading, the 184 

temperature in the chamber returned to the room temperature at a rate of 0.5℃/min. In the 185 

loading and unloading processes, a digital photo was taken from the side every 2℃ change 186 

in temperature to capture the bending deflection z(x), based on which the bending curvature 187 

(κ) can be deduced via  𝜅 =
𝑧′′

(1+𝑧′2)3/2
. 188 

 189 
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Fig. 4. Effect of gravity on the bending curvature of the SGA/PE bilayer in response to 190 
temperature variation. Schematic diagrams showing two different experimental 191 

configurations with the SGA layer (a) facing upwards and (b) facing downwards. (c) 192 
Measured deflections of the SGA/PE bilayer in two different configurations and their 193 
average; (d) Bending curvature of the bilayer calculated from the deflections in (c) through 194 

𝜅 =
𝑧′′

(1+𝑧′2)3/2
. 195 

To eliminate the effect of gravity on the bending curvature, each test was conducted 196 

twice in two different testing configurations: one with the SGA layer facing upwards (see 197 

Fig. 4(a)) and the other with the SGA layer facing downwards (see Fig. 4(b)). As an 198 

example, Fig. 4(c) shows the measured deflections of a 3-ply SGA/PE bilayer in two 199 

configurations when ∆𝑇 = 32 ℃ as well as their mean. The bending curvatures calculated 200 

from them are shown in Fig. 4(d). As expected, the curvature 𝜅 deduced from the mean 201 

deflection exhibits little variation with x, implying that the gravity effect has been 202 

eliminated successfully.  203 

 204 

2.4 Measurement results: Stress-strain curves of SGA 205 

Based on the measured curvature (𝜅 ) in combination with the other dimensional 206 

parameters and materials constants (𝐸PE, 𝜈PE, 𝛼LD , 𝛼TD, 𝑡SGA, 𝑡PE), the stress and strain of 207 

the SGA at different temperatures can be deduced. Fig. 5 (a) shows the stress-strain curves 208 

of SGA films with different ply numbers. Under tensile loading, the stress increases 209 

linearly with the strain. The slope, which represents the elastic modulus, depends on the 210 

ply number of the sample. The more the ply number, the higher the modulus (see Fig. 5(c)). 211 

Such thickness dependence of the tensile modulus might be attributed to the increased 212 

fraction of the graphene flakes with better alignment and flatness as the ply number 213 

increases. When the tensile strain reaches a critical value around 0.7%, the load-carrying 214 

capacity of the SGA films saturates, as shown by the plateaus on the stress-strain curves. 215 

Under this circumstance, unrecoverable deformation, or plastic deformation, happens in 216 

the SGA films upon further loading. This can be confirmed by a follow-up unloading 217 

process as shown in Fig. 5(b). On the other hand, under compressive load, the stress 218 

increases linearly with the strain, indicating a pure elastic deformation. Such elasticity can 219 

be fully recovered upon unloading, as shown in Fig. 5(b). Similarly, the slope of the curve, 220 
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which represents the compressive modulus, increases with the ply number (see Fig. 5(c)). 221 

The obtained asymmetric elastoplasticity of the SGA film, namely, elastic-perfectly plastic 222 

under tension while purely elastic under compression, affirms our previous inference 223 

indeed (Wang et al., 2020).  224 

 225 
Fig. 5. (a) Measured stress-strain curves of SGA film of different plies. Here, the solid lines 226 

represent the fitting curves of the experimental results, while the dashed ones represent the 227 
theoretical predictions. Model parameters adopted in the prediction of tensile curves: 228 

𝐸GF = 4 GPa ,  𝐺in = 400 MPa ,  𝜏in = 30 MPa , ℎGF = 10 nm , 𝑙 = 5 μm , ℎin = 1 nm . 229 

Model parameters adopted in the prediction of compressive curves: 𝐸11 = 3.5 GPa, 𝐺13 =230 

0.7 GPa, 𝐸33 = 100 MPa,   𝜈12 = 𝜈13 =0.1. (b) The measured loading-unloading stress-231 
strain curves for the SGA films with 10 plies. (c) The dependence of the mechanical 232 

properties of SGA films (tensile modulus, compressive modulus, and yield strength under 233 
tension) on the ply number. Here, N stands for the number of the tested samples. 234 

 235 

3. Theoretical interpretation of the measured results 236 

The experimental measurements above reconfirm the asymmetric elastoplastic 237 

behavior of the SGA film, which can be fully depicted by three characteristic parameters: 238 



11 
 

tensile modulus (𝐸SGA
t ), tensile strength (𝑆SGA

t ), and compressive modulus (𝐸SGA
c ). To 239 

disclose the dependence of these parameters on the microscopic structure of the SGA and 240 

the mechanical properties of the building graphene flakes, theoretical modeling was carried 241 

out.  242 

3.1 Tensile properties of SGA  243 

By neglecting the non-uniformity of the graphene flakes in dimension and shape as 244 

well as the possible imperfect alignment of them, we model the SGA film as a staggered 245 

multilayer structure of identical flakes with length 2𝑙 and thickness ℎGF, as shown in Fig. 246 

6(a). Since the interactions between the adjacent graphene flakes in SGA originate from 247 

the van der Waals interaction which is shearing dominant when the SGA film is subject to 248 

remote tensile load (Yao et al., 2013), an artificial continuum layer then is introduced 249 

between the adjacent graphene flakes to model the interaction between them. Here, the 250 

graphene flakes are modeled as a purely elastic material with Young’s modulus and 251 

Poisson’s ratio being 𝐸GF and 𝜈GF, while the artificial interface layer is assumed elastic 252 

within the interaction range with shear modulus and shear strength being 𝐺in  and 𝜏in , 253 

respectively (see Fig. 6(b)). The periodicity and symmetry of the model allow us to 254 

consider a representative volume element (RVE) as shown in Fig. 6(c).  255 

 256 

Fig. 6. (a) Staggered multilayer structure of the SGA. (b) The constitutive relation adopted 257 
to describe the intermolecular interaction between the graphene flakes. Illustrations of (c) 258 

the representative volume element (RVE) adopted to model the tensile behavior of SGA, 259 
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and (d) the configuration of the RVE at the stage II of deformation in which the sliding 260 
between graphene flakes in the SGA happens under excessive tension. 261 

Upon an ever-increasing displacement load ∆, the mechanical response of the RVE 262 

model will experience two stages. At stage I (see Fig. 6(c)), when the displacement load ∆ 263 

remains small, the whole RVE including the interface layer undergoes purely elastic 264 

deformation only, and the shear stress distribution along the interface is given by (Yao et 265 

al., 2013) 266 

 𝜏(𝑥) =
𝐺in∆

ℎin
∙
cosh(2𝜇𝑥 𝑙⁄ −𝜇)

cosh𝜇+𝜇∙sinh𝜇
 (0 ≤ 𝑥 ≤ 𝑙) (4) 267 

where dimensionless parameter 𝜇 ≡ √
𝑙2𝐺in

ℎGFℎin𝐸GF
∗   with 𝐸GF

∗ ≡
𝐸GF

1−𝜈GF
2  representing the plane 268 

strain modulus of graphene flake, ℎGF and ℎin representing the thickness of an individual 269 

few-layer graphene flake and artificial interface layer, respectively. Force equilibrium of 270 

graphene flakes implies that the tensile force applied on the end of RVE should be equal 271 

to the resultant force of the shear stress applied on both sides. That is, 272 

 𝐹|𝑥=𝑙 = 2∫ 𝜏(𝑥)d𝑥 =
𝑙

0

2𝐺in∆

ℎin𝜇
∙

𝑙∙tanh𝜇

1+𝜇∙tanh𝜇
 (5) 273 

The nominal tensile stress applied on the RVE is given by 274 

 𝜎 =
𝐹|𝑥=𝑙

2(ℎin+ℎGF)
=

𝐺in∆

(ℎin+ℎGF)ℎin𝜇
∙

𝑙∙tanh𝜇

1+𝜇∙tanh𝜇
 (6) 275 

Dividing the nominal tensile strain 𝜀 ≡ ∆ 𝑙⁄  on both sides of Eq. (6) gives rise to the 276 

effective tensile modulus of the SGA as  277 

 𝐸SGA
t ≡

𝜎

𝜀
=

𝐺in

(ℎin+ℎGF)ℎin𝜇
∙
𝑙2∙tanh𝜇

1+𝜇∙tanh𝜇
 (7) 278 

Similar prediction has also been made for the effective modulus of the brick-and-mortar 279 

structured biological materials (Gao et al., 2003; Liu et al., 2011a). 280 

Since the shear stress along the interface is limited by 𝜏in, Eq. (4) implies a critical 281 

displacement load 282 

 ∆c=
𝜏inℎin

𝐺in
∙ (1 + 𝜇 ∙ tanh𝜇), (8) 283 
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above which graphene flakes would slide with respect to each other, leading to the onset 284 

of stage II. Substituting Eq. (8) into Eq. (6) gives the yield strength of SGA as 285 

 𝑆SGA
t =

𝜏in𝑙∙tanh𝜇

(ℎin+ℎGF)𝜇
 (9) 286 

The deformation of the RVE at stage II can be deemed as the superposition of the inter-287 

flake sliding plus the elastic deformation under external loading (Fig. 6(d)). Then the 288 

effective stress in the RVE can be obtained simply by replacing l and ∆ in Eq. (6) with 𝑙 −289 

𝑎 and ∆c respectively: 290 

 𝜎 =
𝜏in√ℎGFℎin𝐸GF

∗ /𝐺in

ℎin+ℎGF
∙ tanh [√

(𝑙−𝑎)2𝐺in

ℎGFℎin𝐸GF
∗ ] (10) 291 

where a stands for the sliding distance between the adjacent flakes as shown in Fig. 6(d). 292 

Here, the in-plane deformation of the sliding part (a) of the graphene flake is neglected due 293 

to its high stiffness and resultant low strain level. Even though Eq. (10) implies the 294 

dependence of 𝜎  on a, the behavior of the hyperbolic tangent function in Eq. (10) 295 

determines that such dependence is quite weak especially when 
(𝑙−𝑎)2𝐺in

ℎGFℎin𝐸GF
∗ ≫ 1. By taking 296 

typical values 𝐸GF = 4 GPa  (Li et al., 2019), 𝜈GF = 0.1(Wei and Yang, 2019),  𝐺in =297 

400 MPa  (Soule and Nezbeda, 1968),  𝜏in = 30 MPa , ℎGF = 10 nm , 𝑙 = 5 μm , ℎin =298 

1 nm, it can be estimated that the hyperbolic tangent function in Eq. (10) is close to unity 299 

as a varies from 0 to 0.9𝑙. Therefore, the effective stress (𝜎) is maintained at a constant 300 

value close to 𝑆SGA
t  in a wide range of strain which includes the unrecoverable component 301 

(𝜀p = 𝑎/𝑙) due to sliding and the elastic component (𝜀e = ∆c/𝑙). Such stress plateau in the 302 

stage II in combination with the elastic behavior at the stage I comprise the elastic-perfectly 303 

plastic behavior of the SGA, which is consistent with our experiments above. However, 304 

since the theoretical model above did not consider the limited thickness of the SGA film 305 

along the stacking direction, the theoretical tensile modulus (𝐸SGA
𝑡  ) and yield strength 306 

(𝑆SGA
t ) we obtained can be deemed as their asymptotic solutions for SGA sufficiently thick, 307 

as plotted by the broken line in Fig. 5(a) based on the representative parameters mentioned 308 

above.  309 

It can be demonstrated that the tensile modulus and yield strength of the SGA can be 310 

further simplified to be  311 
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 𝐸SGA
t ≅

𝐸GF
∗ ℎGF

ℎin+ℎGF
 (11) 312 

 𝑆SGA
t ≅

𝜏in

ℎin+ℎGF
√
ℎGFℎin𝐸GF

∗

𝐺in
 (12) 313 

when the non-dimensional parameter 𝜇 ≡ √
𝑙2𝐺in

ℎGFℎin𝐸GF
∗ ≫ 1, implying the independence of 314 

the tensile properties on the flake length (l) then. For typical values of 𝐸GF = 4 GPa, 𝜈GF =315 

0.1, 𝐺in = 400 MPa, ℎin = 1 nm, this condition can be readily satisfied if the thickness 316 

and lateral size of the graphene flakes fall in the ranges of ℎGF = 1~50 nm  and 𝑙 =317 

1~50 μm , respectively. Taking typical values of 𝐸GF = 4 GPa , 𝜈GF = 0.1 , 𝐺in =318 

400 MPa, 𝜏in = 30 MPa, ℎin = 1 nm, Fig. 7 plots the variations of the tensile modulus 319 

and yield strength with ℎGF as given by Eqs. (11) and (12). It can be seen that thicker 320 

graphene flakes would result in a higher tensile stiffness (𝐸SGA
t ), which is capped by the 321 

intrinsic modulus of the graphene flakes 𝐸GF
∗ . In contrast, the tensile yield strength of SGA 322 

(𝑆SGA
t ) decreases with ℎGF.  323 

 324 

Fig. 7. The dependence of tensile modulus (𝐸SGA
t ) and tensile yield strength (𝑆SGA

t ) of SGA 325 

on the thickness (ℎGF) of graphene flakes. Model parameters adopted in generating the 326 

curves: 𝐸GF = 4 GPa, 𝜈GF = 0.1,  𝐺in = 400 MPa, 𝜏in = 30 MPa, ℎin = 1 nm. The star 327 
symbols indicate the values of the SGA films we studied. 328 

3.2 Compressive properties of SGA 329 

As slender structures, the graphene flakes in an SGA film tend to buckle under critical 330 

compressive load (Bai et al., 2016; Ren et al., 2016; Wang et al., 2020). The post-buckling 331 

deformation of the graphene flakes under compressive load is recoverable and believed to 332 
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be the source of the elasticity as observed in experiments (Fig. 5(a)). Due to the mechanical 333 

constraint by the adjacent flakes along the out-of-plane direction, the post-buckling 334 

configuration of the discontinuous flakes was found similar to that of the continuous few-335 

layer graphene sheets (Pan et al., 2019). Therefore, the structural discontinuity of the 336 

graphene flakes is neglected in our following discussion on the mechanical behavior of the 337 

SGA film under compressive load. The SGA film is idealized as a composite consisting of 338 

continuous few-layer graphene sheets and an artificial continuum matrix simulating the 339 

interfacial intermolecular interactions. To reveal the post-buckling stress-strain relation of 340 

the SGA film, we follow the approaches for modeling the composites with crimped 341 

reinforcements (Hsiao and Daniel, 1996a; Hsiao and Daniel, 1996b). The configuration of 342 

the buckled graphene sheets is assumed as a sinusoidal wave with period L and amplitude 343 

A, which can be formulated by expression 𝑧(𝑥) = 𝐴 (1 − cos (
2𝜋𝑥

𝐿
)). The periodicity in 344 

waviness allows us to select a one-period-long representative volume element (RVE) for 345 

analysis, as shown in Fig. 8. As the period L and amplitude A of the graphene sheets may 346 

vary significantly under external load, this configuration should be deemed as the instant 347 

configuration, based on which the discussion on the mechanical response of the SGA to a 348 

compressive stress increment load (∆𝜎𝑥𝑥 )  along the x direction will be made in the 349 

following. 350 

 351 

Fig. 8. Representative volume element of the composite model and coordinate systems 352 
adopted to model the mechanical behavior of the SGA under compression. P.B.C.: periodic 353 
boundary condition. 354 
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Firstly, we focus on an infinitesimally thin slice with thickness dx, which can be treated 355 

as a composite containing parallel graphene sheets at an oblique angle θ with respect to the 356 

x-axis embedded in the artificial matrix simulating the interfacial interaction, as shown in 357 

Fig. 8. With the assumption of periodic boundary condition along the z-direction and plane 358 

strain condition along the y-direction, the stress load  ∆𝜎𝑥𝑥 along the x-direction would 359 

result in changes in the other two normal stress components ∆𝜎𝑦𝑦(𝑥) and ∆𝜎𝑧𝑧(𝑥) and one 360 

shear stress component ∆𝜏𝑥𝑧(𝑥) but bring no change to the components 𝜏𝑦𝑧 and 𝜏𝑥𝑦 . The 361 

relationship between the incremental stress and incremental strain of the slice thus is given 362 

by 363 

 

{
  
 

  
 
∆𝜀𝑥𝑥
∆𝜀𝑦𝑦
∆𝜀𝑧𝑧
∆𝛾𝑦𝑧
∆𝛾𝑥𝑧
∆𝛾𝑥𝑦}

  
 

  
 

= [𝑺̅]

{
 
 

 
 

∆𝜎𝑥𝑥
∆𝜎𝑦𝑦(𝑥) 

∆𝜎𝑧𝑧(𝑥) 
0

∆𝜏𝑥𝑧(𝑥)
0 }

 
 

 
 

=

{
  
 

  
 
𝑆1̅1∆𝜎𝑥𝑥 + 𝑆1̅2∆𝜎𝑦𝑦(𝑥) + 𝑆1̅3∆𝜎𝑧𝑧(𝑥) + 𝑆1̅5∆𝜏𝑥𝑧(𝑥)

𝑆2̅1∆𝜎𝑥𝑥 + 𝑆2̅2∆𝜎𝑦𝑦(𝑥) + 𝑆2̅3∆𝜎𝑧𝑧(𝑥) + 𝑆2̅5∆𝜏𝑥𝑧(𝑥)

𝑆3̅1∆𝜎𝑥𝑥 + 𝑆3̅2∆𝜎𝑦𝑦(𝑥) + 𝑆3̅3∆𝜎𝑧𝑧(𝑥) + 𝑆3̅5∆𝜏𝑥𝑧(𝑥)
0

𝑆5̅1∆𝜎𝑥𝑥 + 𝑆5̅2∆𝜎𝑦𝑦(𝑥) + 𝑆5̅3∆𝜎𝑧𝑧(𝑥) + 𝑆5̅5∆𝜏𝑥𝑧(𝑥)
0 }

  
 

  
 

 (13) 364 

where [𝑺̅] is the instant compliance matrix of the slice in the fixed coordinate system x-y-365 

z. Traditional composite theory indicates that (Hsiao and Daniel, 1996b). 366 

 [𝑺̅] = [𝑹][𝑻]−𝟏[𝑹]−𝟏[𝑺][𝑻] (14) 367 

where [𝑺] is the compliance matrix in the principal material coordinates 1-2-3, [𝑻] the 368 

transformation matrix, [𝑹] the Reuter matrix. Assuming the slice is transversely isotropic 369 

in the principal material coordinates 1-2-3, these matrices can be given by  370 

 [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) 371 

                [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) 372 



17 
 

 [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) 373 

In Eq. (15a), the components 𝑆11 =
1

𝐸11
, 𝑆33 =

1

𝐸33
, 𝑆12 = −

𝜈12

𝐸11
, 𝑆13 = −

𝜈13

𝐸11
, 𝑆44 =

1

𝐺13
 374 

with 𝐸11 and 𝐸33 being the in-plane and out-of-plane moduli (without buckling) of a planar 375 

SGA film respectively, and 𝐺13 the shear modulus in the 1-3 plane, and 𝜈12 and 𝜈13 the 376 

Poisson’s ratio in the 1-2 and 1-3 planes, respectively. In Eq. (15b), 𝑐 = cos𝜃 =377 

[1 + (2π𝜌sin (
2𝜋𝑥

𝐿
))

2

]

−0.5

,  𝑠 = sin𝜃 = 2π𝜌sin (
2𝜋𝑥

𝐿
) [1 + (2π𝜌sin (

2𝜋𝑥

𝐿
))

2

]

−0.5

, with 378 

𝜌 = 𝐴 𝐿⁄  being the waviness ratio. 379 

Plane strain condition along the y-direction implies ∆𝜀𝑦𝑦 ≡ 0, which according to the 380 

second equation in Eq. (13) gives rise to 381 

  ∆𝜏𝑥𝑧(𝑥) = − 
𝑆̅21

𝑆̅25
∆𝜎𝑥𝑥 −

𝑆̅22

𝑆̅25
∆𝜎𝑦𝑦(𝑥) −

𝑆̅23

𝑆̅25
∆𝜎𝑧𝑧(𝑥) (16) 382 

Since ∆𝛾𝑥𝑧 = ∆(tan𝜃) = 2πsin (
2𝜋𝑥

𝐿
) ∆𝜌, the fifth equation in Eq. (13) implies 383 

 ∆𝜎𝑦𝑦(𝑥) =
2πsin(

2𝜋𝑥

𝐿
)

𝑆̅52
∆𝜌 −

𝑆̅51

𝑆̅52
∆𝜎𝑥𝑥 −

𝑆̅53

𝑆̅52
∆𝜎𝑧𝑧(𝑥) −

𝑆̅55

𝑆̅52
∆𝜏𝑥𝑧(𝑥) (17) 384 

Substituting Eq. (16) into Eq. (17) to eliminate ∆𝜏𝑥𝑧(𝑥) yields 385 

 ∆𝜎𝑦𝑦(𝑥) =
2πsin(

2𝜋𝑥

𝐿
)𝑆̅25

𝑆̅52𝑆̅25−𝑆̅55𝑆̅22
∆𝜌 + (

𝑆̅55𝑆̅21−𝑆̅51𝑆̅25

𝑆̅52𝑆̅25−𝑆̅55𝑆̅22
)∆𝜎𝑥𝑥 + (

𝑆̅55𝑆̅23−𝑆̅53𝑆̅25

𝑆̅52𝑆̅25−𝑆̅55𝑆̅22
)∆𝜎𝑧𝑧(𝑥) (18) 386 

On the other hand, periodic boundary condition along the z-direction requires 
𝜕∆𝜀𝑧𝑧

𝜕𝑥
= 0, 387 

implying that ∆𝜀𝑧𝑧 is a constant independent of 𝑥. Denoting ∆𝜀𝑧𝑧 = 𝐶, according to the 388 

third equation in Eq. (13), we have 389 

 ∆𝜀𝑧𝑧 = 𝑆3̅1∆𝜎𝑥𝑥 + 𝑆3̅2∆𝜎𝑦𝑦(𝑥) + 𝑆3̅3∆𝜎𝑧𝑧(𝑥) + 𝑆3̅5∆𝜏𝑥𝑧(𝑥) = 𝐶 (19) 390 

By substituting Eqs. (16) and (18) into Eq. (19) to eliminate ∆𝜏𝑥𝑧(𝑥) and ∆𝜎𝑦𝑦(𝑥), ∆𝜎𝑧𝑧 391 

can be given in terms of  ∆𝜎𝑥𝑥 and ∆𝜌 as 392 
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 ∆𝜎𝑧𝑧(𝑥) =
𝐶

𝑔(𝑥)
−
𝑓(𝑥)

𝑔(𝑥)
 ∆𝜎𝑥𝑥 −

ℎ(𝑥)

𝑔(𝑥)
∆𝜌 (20) 393 

where 394 

 𝑓(𝑥) =
𝑆̅31𝑆̅25𝑆̅52−𝑆̅35𝑆̅21𝑆̅52−𝑆̅31𝑆̅55𝑆̅22+𝑆̅32𝑆̅55𝑆̅21−𝑆̅32𝑆̅51𝑆̅25+𝑆̅35𝑆̅22𝑆̅51

𝑆̅52𝑆̅25−𝑆̅55𝑆̅22
 395 

 𝑔(𝑥) =
𝑆̅33𝑆̅52𝑆̅25−𝑆̅35𝑆̅23𝑆̅52−𝑆̅33𝑆̅55𝑆̅22+𝑆̅32𝑆̅55𝑆̅23−𝑆̅32𝑆̅53𝑆̅25+𝑆̅35𝑆̅22𝑆̅53

𝑆̅52𝑆̅25−𝑆̅55𝑆̅22
 396 

 ℎ(𝑥) = 2πsin (
2π𝑥

𝐿
)
𝑆̅32𝑆̅25−𝑆̅35𝑆̅22

𝑆̅52𝑆̅25−𝑆̅55𝑆̅22
 397 

Considering that the SGA along the z-direction is free of load, we propose an additional 398 

boundary condition as ∫ ∆𝜎𝑧𝑧
𝐿

0
𝑑𝑥 = 0. Taking the integration on both sides of Eq. (20) and 399 

using this condition determine the constant C as 400 

 𝐶 =
 ∆𝜎𝑥𝑥 ∫

𝑓(𝑥)

𝑔(𝑥)

𝐿
0 d𝑥+∆𝜌 ∫

ℎ(𝑥)

𝑔(𝑥)

𝐿
0 d𝑥

∫
1

𝑔(𝑥)

𝐿
0 d𝑥

 401 

The first equation in Eq. (13) implies 402 

 ∆𝜀𝑥𝑥 = 𝑆1̅1∆𝜎𝑥𝑥 + 𝑆1̅2∆𝜎𝑦𝑦(𝑥) + 𝑆1̅3∆𝜎𝑧𝑧(𝑥) + 𝑆1̅5∆𝜏𝑥𝑧(𝑥) (21) 403 

Substituting Eqs. (16)(18)(20) into Eq. (21) to eliminate ∆𝜏𝑥𝑧(𝑥), ∆𝜎𝑦𝑦(𝑥) and ∆𝜎𝑧𝑧(𝑥) 404 

yields 405 

 ∆𝜀𝑥𝑥 = [𝑝(𝑥) −
𝑞(𝑥)𝑓(𝑥)

𝑔(𝑥)
]∆𝜎𝑥𝑥 + [𝑟(𝑥) − 𝑞(𝑥)

ℎ(𝑥)

𝑔(𝑥)
] ∆𝜌 + 𝐶

𝑞(𝑥)

𝑔(𝑥)
 (22) 406 

where 407 

 𝑝(𝑥) =
𝑆̅11𝑆̅25𝑆̅52−𝑆̅15𝑆̅21𝑆̅52−𝑆̅11𝑆̅55𝑆̅22+𝑆̅12𝑆̅55𝑆̅21−𝑆̅12𝑆̅25𝑆̅51+𝑆̅15𝑆̅22𝑆̅51

(𝑆̅52𝑆̅25−𝑆̅55𝑆̅22)
 408 

 𝑞(𝑥) =
𝑆̅13𝑆̅52𝑆̅25−𝑆̅15𝑆̅23𝑆̅52−𝑆̅13𝑆̅55𝑆̅22+𝑆̅12𝑆̅55𝑆̅23−𝑆̅12𝑆̅53𝑆̅25+𝑆̅15𝑆̅22𝑆̅53

(𝑆̅52𝑆̅25−𝑆̅55𝑆̅22)
 409 

 𝑟(𝑥) = 2𝜋sin (
2𝜋𝑥

𝐿
)
(𝑆̅12𝑆̅25−𝑆̅15𝑆̅22)

(𝑆̅52𝑆̅25−𝑆̅55𝑆̅22)
 410 

Then the effective compressive strain of the RVE, which is equal to the averaged strain of 411 

a series of infinitesimal slices over one period along the x-direction, is given by 412 
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 ∆𝜀c =
1

𝐿
∫ ∆𝜀𝑥𝑥d𝑥
𝐿

0
= ∆𝜎𝑥𝑥𝑀(𝜌)+ ∆𝜌𝑁(𝜌) (23) 413 

where  414 

 𝑀(𝜌) =
1

𝐿
{
∫
𝑓(𝑥)

𝑔(𝑥)

𝐿
0

𝑑𝑥 ∫
𝑞(𝑥)

𝑔(𝑥)
𝑑𝑥

𝐿
0

∫
1

𝑔(𝑥)

𝐿
0

𝑑𝑥
+ ∫ [

𝑝(𝑥)𝑔(𝑥)−𝑞(𝑥)𝑓(𝑥)

𝑔(𝑥)
] 𝑑𝑥

𝐿

0
} 415 

 𝑁(𝜌) =
1

𝐿
{
∫
ℎ(𝑥)

𝑔(𝑥)

𝐿
0

𝑑𝑥 ∫
𝑞(𝑥)

𝑔(𝑥)
𝑑𝑥

𝐿
0

∫
1

𝑔(𝑥)

𝐿
0

𝑑𝑥
+ ∫ [

𝑟(𝑥)𝑔(𝑥)−𝑞(𝑥)ℎ(𝑥)

𝑔(𝑥)
] 𝑑𝑥

𝐿

0
} 416 

On the other hand, ∆𝜀c is geometrically correlated with ∆𝜌 through (see Appendix C) 417 

 ∆𝜀c = [
𝐊(𝑘)/𝐄(𝑘)

𝜌(1+4π2𝜌2)
−

1

𝜌
] ∆𝜌 (24) 418 

where 𝐊(𝑘) ≡ ∫
1

√1−𝑘2sin2𝜃

π

2
0

d𝜃 and 𝐄(𝑘) ≡ ∫ √1 − 𝑘2sin2𝜃
π

2
0

d𝜃 are the complete elliptic 419 

integrals of the first and second kind respectively with 𝑘 ≡ √
4π2𝜌2

1+4π2𝜌2
. Combining Eqs. (23) 420 

and (24) yields the tangent compressive modulus (𝐸SGA
c ) of the SGA film as 421 

 𝐸SGA
c (𝜌) ≡

∆𝜎𝑥𝑥

∆𝜀c
=

[
𝐊(𝑘)/𝐄(𝑘)

𝜌(1+4π2𝜌2)
−
1

𝜌
]− 𝑁(𝜌)

[
𝐊(𝑘)/𝐄(𝑘)

𝜌(1+4π2𝜌2)
−
1

𝜌
]𝑀(𝜌)

 (25) 422 

From Eq. (25), it can be seen that the compressive stiffness of SGA film (𝐸SGA
c ) is a function 423 

of the waviness ratio 𝜌, whose initial value is given by 424 

 𝐸SGA
c (𝜌 → 0) =

2𝑆12(𝑆12−𝑆13)𝑆13
2 −2𝑆11

2 𝑆13(𝑆13+𝑆33)+2𝑆11
3 𝑆33+2𝑆11(𝑆13

3 −𝑆12
2 𝑆33+𝑆12𝑆13𝑆33)

(𝑆11
2 𝑆13

2 +𝑆12
2 𝑆13

2 +𝑆11
3 𝑆33−𝑆11𝑆12

2 𝑆33)𝑆44
. (26) 425 

If we assume 𝑆13 = 𝑆12 = −𝜈𝑆11 (i.e., 𝜈13 = 𝜈12 = 𝜈), Eq. (26) can be further simplified 426 

to be  427 

 𝐸SGA
c (𝜌 → 0) =

2(𝜈+1)𝑆33−2𝜈
2(𝜈+1)𝑆11

[(𝜈2+1)𝜈2𝑆11+(1−𝜈2)𝑆33]𝑆44
 (27) 428 

Considering that SGA is more condensed along the in-plane directions than in the out-of-429 

plane direction, we may assume  𝑆11 ≪ 𝑆33 . Eq. (27) can be further simplified to be 430 
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𝐸SGA
c (𝜌 → 0) ≅

2(𝜈+1)

(1−𝜈2)
𝐺13, showing that the initial compressive stiffness scales up with the 431 

shear stiffness (𝐺13).  432 

When 𝜌 > 0, the numerical calculation was applied to Eq. (25) to investigate the 433 

dependence of the compressive modulus (𝐸SGA
c ) on the waviness ratio (𝜌) as well as the 434 

affecting material parameters including 𝐸11, 𝐸33, 𝐺13, 𝜈12 and 𝜈13. Considering that the 435 

vertical stiffness (𝐸33) and Poisson’s ratios (𝜈12 and 𝜈13) generally vary little, here we 436 

mainly focus on the effects of 𝐺13 and 𝐸11.  437 

Taking 𝐸11 as the tensile modulus of the SGA film, which is measured to be 3.5 GPa 438 

in the test above, Fig. 9(a) shows the dependence of 𝐸SGA
c  on 𝐺13 and 𝜌. It can be seen that 439 

if the shear stiffness 𝐺13 is taken in the range of 0.5-0.8 GPa, the compressive modulus 440 

𝐸SGA
c  exhibits little variation as the waviness ratio 𝜌 increases, just as we observed in the 441 

experiments (see Fig. 5(a)). In our SGA films, the graphene flakes adhere to each other 442 

through van der Waals forces only. By introducing other chemical bonding such as 443 

hydrogen bonding (Compton et al., 2012; Song et al., 2017), covalent bonding (Song et al., 444 

2017), ionic bonding (Park et al., 2008) and polymetric intercalation (Chen et al., 2016; 445 

Wan et al., 2020) between the graphene flakes may lead to higher 𝐺13  and therefore 446 

produce SGA films with the higher compressive modulus (𝐸SGA
c ) and higher elastic 447 

nonlinearity under compression, as predicated by Fig. 9(b). Based on the best fitting to our 448 

experimental results above, a reasonable estimation for our SGA films is 𝐺13 = 0.7 GPa, 449 

which is consistent with the value reported in literature (Soule and Nezbeda, 1968).  450 

For given 𝐺13 = 0.7 GPa, Fig. 9(c) shows the dependence of  𝐸SGA
c  on 𝐸11 and 𝜌. It 451 

can be seen that 𝐸SGA
c  exhibits distinct evolutions with 𝜌, depending on the value of 𝐸11. 452 

For higher 𝐸11, 𝐸SGA
c  monotonically increases with 𝜌, while for lower 𝐸11 it monotonically 453 

decreases with 𝜌. 𝐸SGA
c  exhibits little variation with 𝜌 when 𝐸11 falls in the range of 3-4.5 454 

GPa (Fig. 9(c)). This may explain the excellent linearity of the compressive curves of SGA 455 

observed in our experiments. Moreover, Figs. 9 (c) and (d) show that higher 𝐸11 results in 456 

higher 𝐸SGA
c . Therefore, application of thicker flakes, which would lead to higher tensile 457 

modulus (𝐸SGA
t ) (see Fig. 7) and 𝐸11, could produce SGA films with higher compressive 458 

modulus (𝐸SGA
c ).  459 
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 460 

Fig. 9. Contours showing the dependence of the compressive modulus (𝐸SGA
c ) of the SGA 461 

on (a, b) 𝐺13 for given 𝐸11 = 3.5 GPa, and (c, d) 𝐸11 for given 𝐺13 = 0.7 GPa. The rest 462 

model parameters adopted: 𝐸33 = 100 MPa,   𝜈12 = 𝜈13 =0.1 (Wei and Yang, 2019). 463 

4. Conclusion and discussion   464 

In this paper, we experimentally investigated the mechanical behaviors of the SGA 465 

films under tensile and compressive loadings by taking advantage of the curling behavior 466 

of the SGA-based bilayers in response to temperature variation. It was shown that the SGA 467 

film exhibits elastic-perfectly plastic behavior under tension while purely elastic behavior 468 

under compression. This result verified our previous prediction based on the molecular 469 

dynamics simulations (Wang et al., 2020). Theoretical modeling was further carried out to 470 

reveal the structural basis accounting for such asymmetric elastoplasticity. Three feature 471 

parameters characterizing the mechanical behaviors of the SGA, including tensile modulus 472 

(𝐸SGA
t ), tensile yield strength (𝑆SGA

t ), and compressive modulus (𝐸SGA
c ), are formulated as 473 

the functions of the structural dimensions as well as the mechanical properties of the 474 

building flakes and the inter-flake interface, showing quantitatively the structure-property 475 



22 
 

relations of the SGA. Our work not only provides a facile yet feasible method to measure 476 

the mechanical behaviors of the stacked assemblies of 2D materials, but also sheds lights 477 

on the structural dependence of their properties, which would allow us to controllably 478 

manipulate the mechanical properties of the stacked assemblies of 2D materials by tuning 479 

the size and thickness of the building flakes or regulating the interfacial bonding between 480 

flakes. This will be of great practical value to the application of the SGA and other alike 481 

stacked assemblies of 2D materials in sensors and actuators (He et al., 2019; Wang et al., 482 

2020). Nevertheless, limitations remain present in our work. For example, when modeling 483 

the tensile behavior of the SGA, all the graphene flakes were assumed identical and 484 

organized regularly in a staggered structure. In reality, however, the shape, size, and 485 

thickness of the graphene flakes might differ widely (Yang et al., 2019; Yang et al., 2018; 486 

Yang and Yao, 2020) and some flakes may be stacked in a tilted way, resulting in voids 487 

and flaws in the SGA. Additionally, initial wrinkles, ripples or corrugations often exist in 488 

soft membranes like graphene flakes  (Chang et al., 2019; Liu et al., 2011b). These 489 

structural imperfection would largely affect the mechanical properties of the stacking 490 

structure (Xie and Wei, 2021). For example, the existence of initial wrinkles or curvatures 491 

of the graphene flakes would lead to lower tensile modulus of the SGA film especially at 492 

small strain before being flattened. Moreover, when preparing the SGA samples using the 493 

L-B method (He et al., 2019), the graphene flakes were assembled and condensed by the 494 

change of water surface tension induced by the submersion of a piece of sponge. The extent 495 

of condensation, which cannot be controlled precisely, may affect the structure of the 496 

obtained SGA. The effects of these issues on the mechanical behaviors of SGA are beyond 497 

the scope of this paper and will be addressed in our future work. 498 

 499 

Appendix A. Measurement of the coefficient of thermal expansion of PE 500 

Firstly, a graphene-ethanol solution is sprayed onto the surface of a PE film sample, 501 

resulting in random speckles after drying. Then, the PE film is hanged in a temperature test 502 

chamber, where the temperature varies (increases or decreases) from the room temperature 503 

(25℃) at a rate of 0.5℃/min. Every 4 minutes, a digital photo is taken on the speckled PE 504 

surface to capture the thermally-induced deformation of the film. Based on these photos, 505 
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the strains of PE film along the longitudinal and transverse directions at different 506 

temperatures are calculated via image processing (ImageJ). Linear curve-fitting on the data, 507 

as shown in Fig. A1, gives the coefficients of thermal expansion along the longitudinal and 508 

transverse directions as 3.58 × 10−4/℃  and 2.54 × 10−4/℃, respectively.   509 

 510 
Fig. A1. The deformation (in terms of strain, 𝜀PE) of a PE film along the longitudinal (LD) 511 

and transverse directions (TD) with the temperature. 512 

 513 

Appendix B. Measurement of the elastic modulus of PE 514 

Tensile tests are carried out on PE film samples with a dynamic mechanical analyzer 515 

(DMA 8000, PerkinElmer) at different temperatures ranging from −15℃ to 65℃, which 516 

well covers the temperature range employed in the stress-strain curve measurement. The 517 

measured elastic modulus of PE (𝐸PE), as shown in Fig. B1, exhibits a strong temperature 518 

dependence, which can be perfectly described by a quadratic fitting curve 𝐸PE(𝑇) =519 

0.045𝑇2 − 6.53𝑇 + 284.6. This temperature-dependent elastic modulus of PE will be 520 

applied when determining the stress-strain curve of SGA film.  521 
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 522 

Fig. B1. Dependence of the elastic modulus of PE film (𝐸PE) on temperature (T). Here N 523 

stands for the number of the tested samples.  524 

 525 

Appendix C. A geometrical correlation between ∆𝜺𝐜 and ∆𝝆 526 

For a wavy graphene layer with sinusoidal profile given by 𝑧(𝑥) = 𝐴 (1 − cos (
2𝜋𝑥

𝐿
)), 527 

its overall length in a period is 528 

 𝑠 = 4∫ √1 + 𝑧′(𝑥)2
𝐿/4

0
𝑑𝑥 = 4∫ √1 +

4π2A2

𝐿2
sin2 (2π

𝑥

𝐿
)

𝐿/4

0
d𝑥 (C1) 529 

Letting 𝑢 = 2π
(𝑥−𝐿/4)

𝐿
  and 𝜌 = 𝐴 𝐿⁄ , Eq. (C1) can be simplified to be 530 

 𝑠 =
2𝐿√1+4π2𝜌2

π
∫ √1 −

4π2𝜌2

1+4π2𝜌2
sin2(𝑢)

π

2
0

d𝑢 =
2𝐿√1+4π2𝜌2

π
∙ 𝐄(𝑘), (C2) 531 

where 𝐄(𝑘) ≡ ∫ √1 − 𝑘2sin2𝜃
π

2
0

d𝜃 is the complete elliptic integral of the second kind with 532 

𝑘 ≡ √
4π2𝜌2

1+4π2𝜌2
. We assume that the overall length of the graphene layer is unchanged 533 

during the deformation under compression. Then we have 534 

 
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) 535 
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where 𝐄′(𝑘) =
d𝐄(𝑘)

d𝑘
=

𝐄(𝑘)−𝐊(𝑘)

𝑘
 with 𝐊(𝑘) = ∫

1

√1−𝑘2sin2𝜃

π

2
0

d𝜃  being the complete 536 

elliptic integral of the first kind. Substituting this relationship back to Eq. (C3) to eliminate 537 

𝐄′(𝑘), we have 538 

 
d𝐿

𝐿d𝜌
=

𝐊(𝑘)/𝐄(𝑘)

𝜌(1+4π2𝜌2)
−

1

𝜌
 (C4) 539 

If we do not distinguish the engineering and true strains at small strain, d𝜀c =
d𝐿

𝐿
. Eq. (C4) 540 

then can be rewritten as 541 

 
d𝜀c

d𝜌
=

𝐊(𝑘)/𝐄(𝑘)

𝜌(1+4π2𝜌2)
−

1

𝜌
 (C5) 542 

This gives rise to the correlation between ∆𝜀c and ∆𝜌 as 543 

 ∆𝜀c = [
𝐊(𝑘)/𝐄(𝑘)

𝜌(1+4π2𝜌2)
−

1

𝜌
] ∆𝜌 (C6) 544 
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