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TOC Graphics and Summary 

 

 

DLG has superior electromechanical stretchability compared to SLG owing to 

strain relaxation via sliding of graphene layers over one another. 
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Abstract 

The stretchability of CVD graphene with a large area is much lower than that of 

mechanically exfoliated pristine graphene owing to the intrinsic and extrinsic 

defects induced during its synthesis, etch-out of the catalytic metal, and the 

transfer processes. This low stretchability is the main obstacle for commercial 

application of CVD graphene in the field of flexible and stretchable electronics. 

In this study, artificially layered CVD graphene is suggested as a promising 

candidate for a stretchable transparent electrode. In contrast to single-layer 

graphene (SLG), multi-layer graphene has excellent electromechanical 

stretchability owing to the strain relaxation facilitated by sliding among the 

graphene layers. Macroscopic and microscopic electromechanical tensile tests 

were performed to understand the key mechanism for the improved 

stretchability, and crack generation and evolution were systematically 

investigated for their dependence on the number of CVD-graphene layers 

during tensile deformation using lateral force microscopy. The stretchability of 

double-layer graphene (DLG) is much larger than that of SLG and is similar to 

that of triple-layer graphene (TLG). Considering the transmittance and the cost 

of transfer, DLG can be regarded as a suitable candidate for stretchable 

transparent electrodes. 

 

Keywords: CVD graphene, electromechanical behavior, stretchability, 

transparent electrode, double layer  
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Introduction 

Graphene has been regarded as a promising material for stretchable and 

transparent electrodes owing to its high optical transparency, high mechanical 

elongation, and high electrical conductivity1–7. Considering the fracture strain of 

pristine graphene obtained by the mechanical exfoliation of graphite, graphene 

is expected to endure a mechanical strain up to 25% under biaxial deformation.8 

For commercial application of graphene electrodes, graphene should be 

synthesized by a scalable method such as chemical vapor deposition (CVD)1,2,7 

and should be transferable to a polymeric and transparent film. While CVD 

graphene with a well-stitched grain boundary (GB) and negligible mechanical 

damage has a comparable mechanical strength to pristine graphene,9 

macroscopic CVD graphene with a large area statistically contains many 

overlapped GBs10 and mechanical damage that originates from its synthesis, 

etch-out of the catalytic metal, and the transfer processes; thus, its fracture 

strain is much lower than that of pristine graphene. This critical weakness of 

CVD graphene is the main obstacle to its commercial utilization for stretchable 

and transparent electrodes. 

Previous reports have demonstrated that CVD graphene on a polymeric 

substrate has a better mechanical elongation than indium tin oxide (ITO) on the 

polymeric substrate1,3,4 and electrically functions up to 6.5% strain under 

bending and 6% strain under tension.1–3,11 Multi-layer graphene synthesized on 

a Ni catalyst was reported to exhibit a linear variation in the electrical resistance 

up to 1.8% strain, a non-linear variation from 1.8% to 7.1%, and an abrupt 

increase in the resistance above 7.1%.12 It should be noted that the synthesized 
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multi-layer graphene has a different interaction among the graphene layers than 

artificially stacked multi-layer graphene. Artificially stacked multi-layer graphene 

is fabricated in this study by stacking multiple monolayers of graphene grown on 

a Cu catalyst, which provides a weaker interaction among the graphene layers 

than the synthesized multi-layer graphene. In order to quantitatively compare 

the performance of stretchable conductive thin films, we need to define the 

electromechanical stretchability under tension as the engineering strain at which 

the electrical resistance starts to exceed a predefined limit during the 

electromechanical tension test.13 The limit value for the electrical resistance 

should be predetermined depending on the nature of the application in which 

the stretchable electrodes are utilized. As commercial applications in flexible 

and stretchable electronics are not yet prevailing, there is no limit value that is 

generally accepted for stretchable electrodes. Considering the electrical 

resistance data of stretchable electrodes reported by other researchers,3,11,14 we 

choose a limit value of 10 in terms of the relative resistance change defined by 

∆R/R0 , where ∆R is the difference in the electrical resistance between the 

deformed and the undeformed states, and R0 is the electrical resistance in the 

undeformed state. 

In this study, we propose an artificially stacked graphene structure to 

enhance the stretchability of flexible transparent electrodes. The 

electromechanical properties of artificially stacked graphene having a different 

number of layers were characterized using a macroscopic electromechanical 

tensile tester, and in-situ AFM tensile tests were independently performed to 

understand the key mechanism for the improved stretchability of multi-layer 
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graphene fabricated by stacking multiple monolayers of CVD graphene. The 

behaviors of crack generation and evolution in multi-layer CVD graphene on a 

polymeric substrate were clearly visualized using lateral force microscopy (LFM) 

and depended on the number of layers. It was demonstrated that the 

electromechanical stretchability of double-layer graphene (DLG) is much larger 

than that of single-layer graphene (SLG) and similar to that of triple-layer 

graphene (TLG). 

 

Results and discussion 

Sample characterization 

In order to verify the quality of the prepared samples, we characterized 

graphene on a polyethylene terephthalate (PET) film using Raman 

spectroscopy and atomic force microscopy (AFM). Figure 1a shows the Raman 

spectra of SLG on a PET film, DLG on a PET film, and the PET film itself. In the 

figure, the 2D band is clearly identified at around 2690 cm-1 in both SLG and 

DLG, while the G and D bands of graphene overlap with the strong peaks from 

PET. We transferred our graphene onto a SiO2/Si substrate to check the quality 

of our graphene and characterized it with Raman spectroscopy. Figure S2 

shows the Raman spectra of SLG, DLG, and TLG on a SiO2/Si substrate. The D 

band (~1350 cm-1) is very weak, and the D-to-G peak intensity ratio range is 

0.018 < ID/IG < 0.14.15 This indicates that our graphene samples are of high 

quality. In addition, the Raman spectra of DLG and TLG are very similar to that 

of SLG, not that of native multi-layer graphene with Bernal stacking. This is 

because there is an arbitrary misorientation among the artificially layered 
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graphenes, and thus, the interlayer coupling among the graphene layers is very 

weak.16 The measured 2D-to-G-band ratio is presented in Table S1 with respect 

to the number of layers. The transmittance was measured with an increasing 

number of graphene layers from one to three, as shown in Figure S3 and was 

obtained on the basis of the transmittance of PET. The transmittance gradually 

decreases with an increasing number of layers, and the absorbance per layer is 

approximately 2.2%, which is in good agreement with a previous report.17 

In addition, AFM was performed in order to identify the surface 

morphology and friction characteristics of prepared samples. Figure 1b shows 

topographic and LFM images of PET, SLG, and DLG. As can be seen in the 

topography image of PET, a bumpy surface with many peaks and valleys is 

shown, and its roughness is about 6 nm. Many wrinkles are observed from the 

topography images of SLG and DLG. Figuratively, the graphene layer can be 

regarded as a handkerchief covering bumpy ground. LFM reveals the difference 

in the frictional properties on the surface. All LFM images in this paper are 

obtained from backward scans; a bright color means a lower value of friction 

force, and a dark color indicates a relatively higher value of friction force. As can 

be seen in the LFM images, the surface morphology affects the frictional 

properties. For example, the peaks of PET are observed in the LFM image of 

PET, and the wrinkles of graphene are observed in the LFM images of SLG and 

DLG. The frictional force is evaluated by the difference in the lateral force signal 

between the forward and backward scans,18 and the normalized friction force in 

Figure 1c shows that CVD graphene reduces the friction force of PET 

significantly. This is consistent with our previous results.19 It is noted that the 
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friction force of DLG is observed to be larger than that of SLG, contrary to the 

fact that the friction force on multilayer graphene is lower than that on SLG.20 

Our artificially stacked CVD graphene has a random misorientation among 

layers, and the adhesion among the stacked graphene layers is relatively lower 

than that among the graphene layers with Bernal stacking. When the adhesion 

among graphene layers on a substrate is low, the friction on graphene can 

increase owing to the puckering effect.18 Therefore, the increase in friction on 

DLG can be attributed to the weak adhesion or interaction between artificially 

stacked CVD graphenes. 

 

Macroscopic electromechanical tensile-test results  

Considering the commercial applications of flexible touch panels and solar cells, 

graphene on PET (Gr/PET) should be fabricated using a scalable process, and 

its macroscopic behavior should be characterized. The electromechanical 

behavior of a Gr/PET electrode was measured using macroscopic specimens 

with a gage length of 42 mm, as shown in Figure 2a, and the electrical 

resistance throughout the specimen length was measured with respect to the 

applied strain using the electromechanical tensile-testing system in Figure 2b. 

Figure 2c shows the variation in the relative electrical resistance of 

Gr/PET with a different number of graphene layers. In the figure, a 

representative data set is displayed to show the typical relationship between the 

electrical resistance and the strain. The inset shows an enlarged view of the 

curves when the strain is small. The electromechanical behavior of SLG is 

much different from that of DLG or TLG, while the behaviors of DLG and TLG 
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are similar to each other. The gauge factors obtained in the strain range from 0 

to 0.25% are 2.67, 2.09, and 3.07 in the SLG, DLG, and TLG, respectively, 

which are in good agreement with those of conventional metallic and graphene 

strain gauges.11 The electrical resistance of SLG increases steadily up to 0.6% 

strain, and the electrical resistance increases rapidly beyond that strain with a 

slope of 5.34 up to 1.4% strain. When the strain becomes larger than 1.4%, the 

resistance increases nonlinearly with a reduced slope. The electrical resistance 

data of DLG and TLG show a similar trend to the data of SLG up to a strain of 

0.6%, but surprisingly, they increase steadily beyond that strain with an increase 

in the strain up to ~30% strain without any rapid increase in the resistance. The 

relative resistance change of DLG at a strain of 30% is 13 times less than that 

of SLG. The electromechanical stretchability of DLG is 36.2%, while that of SLG 

is only 4.5%. This unexpected behavior of DLG is very beneficial for flexible-

touch-panel and solar-cell applications and prompts us to investigate the 

microscopic mechanism for this unusual stretchability of DLG and TLG. 

Considering that it is difficult to visualize the damage and cracks in graphene on 

polymeric substrates using conventional optical and electron microscopy, in-situ 

tensile tests under AFM were performed to understand the mechanics of DLG 

and TLG compared to that of SLG. Because the behavior of TLG is very similar 

to that of DLG, we focus on DLG and SLG in the rest of this study. 

 

Microscopic tensile-test results with in-situ AFM observation 

The in-situ AFM tensile-testing system in Figure 3a was used to elucidate the 

factors that primarily contribute to the resistance variation of Gr/PET electrodes 
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under mechanical deformation. Figure 3b shows the topographies and LFM 

images for Gr/PET obtained from the in-situ AFM tensile test with increasing 

strain. Cracks in SLG are displayed as black lines in the topographies, and 

these cracks are also visualized as relatively dark lines in the LFM images. The 

lengths and widths of the dark lines increase as the strain increases. Isolated 

cracks without any interconnections among them were observed in the 

topographies of SLG at a strain of 20%, and the average length of the cracks 

was 4.13 μm (SD: 2.79 μm). The cracks in DLG were visualized with poor 

contrast in the topography images but with better contrast in the LFM images. 

This is because the difference in the frictional properties between graphene and 

PET is large, while the height difference induced by the thickness of graphene is 

very small. The cracks in DLG are distributed more sparsely than those in SLG 

at the same magnitude of strain, while the width of the cracks in DLG is usually 

much wider than that in SLG. This implies that the applied strain in DLG is 

released by widening the cracks instead of extending or generating cracks. 

It is found that the cracks in graphene are visualized in the LFM images 

as dark lines for SLG and bright lines for DLG. The variation in the electrical 

resistance of SLG and DLG is closely related to the crack initiation and growth 

in graphene as well as dimensional changes in accordance with the applied 

strain. The crack density was measured from the LFM images of SLG and DLG 

in order to correlate the resistance variation with the cracks. Five images with 

an area of 12.5 μm × 12.5 μm were obtained for each value of strain, and the 

crack density ρ (μm-1) was defined as the total length of surface cracks per unit 

area 21,22 as  
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ρ =
𝑙1 + 𝑙2 +⋯+ 𝑙𝑖

𝐴
 

 

where li (μm) represents the length of the ith crack in the observed surface area 

A (μm2). In the upper panel of Figure 3c, the crack density and the 

corresponding electrical resistance are plotted in terms of the strain. It is noted 

that the crack density abruptly increases during the earlier stage of strain for 

both SLG and DLG, and it slowly increases with a smaller slope when the strain 

is greater than approximately 7%. The lower panel of Figure 3c shows the 

relationship between the relative electrical resistance and the crack density. It is 

found that the electrical resistance increases slowly when the crack density is 

less than 0.4 μm-1; however, it increases much faster for a larger crack density. 

Figure 3d shows the topography and LFM images of a cracked area at 

20% strain for SLG and DLG. The right panels show the height profile and 

normalized value of friction along the blue dotted line in the topography and 

LFM images. For SLG, the cracked region is clearly observed in the topography 

image, and the corresponding dark line is also observed in the LFM image. The 

aligned wrinkles are parallel to the tensile direction, and these wrinkles are 

discontinuous at the crack. As can be seen in the line profiles for the blue dotted 

lines, the largest value of friction was attained at the crack, and the near-crack 

area exhibited a relatively larger value of friction than other areas. The value of 

friction at the crack is about 3.3 times larger than the average value of friction at 

other areas. This difference is similar to the ratio of friction values for PET to 

SLG in the graph of Figure 1c. This indicates that PET is exposed to air along 
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the crack in graphene. While the well-bonded graphene on the substrate has 

small value of friction, the detached graphene from the substrate has a large 

value of friction.18 The higher value of friction for graphene near the crack 

indicates that a tiny band of graphene is delaminated from the PET film along 

the crack. 

In contrast to SLG, some wrinkles on DLG are not disconnected by the 

cracks imaged as bright lines in the LFM images while others are disconnected. 

The cracks visualized by LFM reside on the upper graphene layer, and the 

cracks on the lower graphene layer adhered to PET are visualized with poor 

contrast. The wrinkles on the upper graphene layer of DLG are disconnected by 

the cracks, but those on the lower graphene layer are not disconnected. The 

line profile of the blue dotted line in the DLG image indicates a low value of 

friction at the crack, as represented by the bright line. Considering that the value 

of friction for SLG is 2.3 times lower than that for DLG, as in Figure 1c, it is 

found that the lower graphene layer is exposed around the cracked area of the 

upper graphene layer of DLG. This also means that the cracks in the upper 

graphene layer do not overlap with those on the lower graphene layer. The 

widths of the cracks in DLG become larger with an increase in the strain, while 

the crack density changes slightly. These observations are attributed to sliding 

between the upper and lower graphene layers.23-25 The friction force between 

the graphene layers approaches zero when the number of layers decreases to 

two or three26, and the interaction force between the upper and the lower layers 

in the artificially stacked graphene is small compared to multi-layer graphene 

with Bernal stacking. This enables the upper graphene layer to slide on the 
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lower graphene layer in a DLG specimen, and this sliding releases the external 

strain transferred to the upper graphene layer from the lower graphene layer on 

the PET substrate under tension. The critical strain for on-set of interfacial 

sliding in pristine graphene on PET structure is reported to be approximately 

0.3%,24 and the sliding between graphene layers can be initiated under a 

smaller value of strain due to tiny interaction and friction between them. In 

addition, we have also conducted XRD measurements to confirm the stack 

disorder of graphene layers, which can further prove the existence of interlayer 

sliding among the graphene layers as shown in Figure S4. However, it was 

found that the XRD peaks of PET substrate were dominant in our samples and 

we could not obtain any useful information from XRD measurements. This is 

probably because the graphene layers are too thin to be measured by XRD, 

which implies that the tensile testing method with in-situ AFM observation, as 

proposed in this study, can be the most effective way for investigating the 

electromechanical behavior of ultra-thin materials such as graphene. 

From the results of the above AFM investigations, electromechanical 

models of SLG and DLG are constructed and presented in Figure 3e. For SLG, 

the tensile strain applied to the PET substrate is transmitted with small loss to 

the graphene layer owing to the good adhesion between graphene and PET. 

Even for a strain of 0.6%, the electrical resistance of SLG begins to rapidly 

increase, meaning that cracks can propagate or be generated at this small 

strain. In contrast, the strain applied to the PET substrate for DLG is transmitted 

to the lower graphene layer bonded to the PET substrate; however, the lower 

graphene layer transmits the strain with large loss to the upper graphene layer 
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owing to the small interaction between the two layers. The difference in the 

strain between the two layers results in interlayer sliding and consequently 

leads to a different crack density between SLG and the upper graphene layer of 

DLG. A smaller crack density in DLG is responsible for the higher stretchability 

of DLG than SLG. Our results show that cracks are often generated at a strain 

smaller than the failure strain reported in other studies.8,9, 20 The reason can be 

attributed to intrinsic defects in macroscopic CVD graphene and extrinsic 

damage in the graphene transferred to PET during the Cu-etching and transfer 

processes. Because cracks are easily generated at very small strains in CVD 

graphene, we need to check its reliability under repeated loading.  

 

Cyclic-loading test results 

For reliable operation of a graphene electrode during the lifetime of a product, 

the electrical conductivity is a basic property that should be preserved under 

repeated mechanical loading. Here, we performed simple loading and unloading 

tests to verify the reliability of Gr/PET electrodes with different a number of 

layers under cyclic loading. The loading and unloading of Gr/PET specimens 

was repeated with an increasing amount of strain using the tester shown in 1 2b, 

and the normalized resistance variation is shown with respect to the applied 

tensile strain in Figure 4a. The stress–strain curve of DLG on PET is shown in 

the inset of Figure 4a and is identical to that of bare PET or SLG on PET. This 

indicates that the mechanical behavior of the graphene electrode is dominated 

by that of PET because the thickness of graphene is negligible compared to that 

of PET. The hysteresis and recovery behaviors due to the viscoelastic 
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properties of PET are clearly observed and are closely related to the 

electromechanical behavior of the graphene layer on PET, as will be discussed 

later. Figure 4a shows a large difference in the variation of the electrical 

resistance between SLG and DLG after several loading and unloading cycles. 

For DLG, the electrical resistance increases gradually during loading and 

returns along the same curve during unloading when the strain is less than 1%. 

For a larger strain, e.g., 1.5%, the unloading curve deviates from the initial 

loading curve, but the reloading curve is very similar to that unloading curve 

after the unloading period. Interestingly, the electrical resistance for the 

reloading period is a little smaller than that for unloading at the same tensile 

strain, and this can be attributed to the viscoelastic recovery of PET. Even for 

the loading and unloading tests between 0.5% and 5% strain, the resistance 

curves are very stable and coincident for the loading and unloading periods. 

The fact that the two curves for the loading and unloading periods are 

coincident indicates that the crack density in graphene is preserved during 

those periods. Similarly, the fact that the two curves deviate from each other 

indicates that the crack density changes. For SLG, the electrical resistance 

curves for loading and unloading are similar to each other when the strain is 

less than 0.5%. For a larger strain, however, the resistance increases with a 

much larger slope than that of DLG during the loading period, and the 

resistance curves for the loading and unloading curves become unstable, even 

for the strain range from 0.1% to 1.5%. From the above discussion, it is noted 

that the crack density during the loading and unloading periods is preserved for 

DLG up to a strain of 5%, while it becomes unstable for SLG, even below a 
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strain of 1.5%. For verifying the repeated usage of DLG, electromechanical 

fatigue tests were performed for a controlled total strain at a frequency of 0.2 Hz. 

A mean strain of 4.85% was chosen as the largest strain in Figure 4a, and the 

strain amplitude was chosen as 0.95% considering the elastic region of the PET 

substrate. Figure 4b shows the normalized electrical resistance variation of SLG 

and DLG with respect to the number of loading cycles. While the electrical 

resistance of SLG on PET abruptly increases at approximately 2800 cycles, that 

of DLG on PET is very stable up to the maximum number of tested cycles of 

7500. 

 

Conclusions 

This work presents an artificially stacked CVD graphene structure as a 

promising solution for stretchable transparent electrodes. While SLG on PET 

suffers from a low stretchability of 4.5% resulting from intrinsic defects and 

extrinsic damage, DLG on PET exhibits a superior stretchability of 36.2% owing 

to the strain relaxation facilitated by the sliding of the upper graphene layer over 

the lower one attached to PET. The macroscopic differences in the 

electromechanical behaviors among SLG, DLG, and TLG were characterized 

with a tensile tester equipped with real-time electrical resistance and optical 

strain measurement units, and the higher stretchability of multi-layer graphene 

on a PET substrate was demonstrated compared to SLG on PET. Using an in-

situ micro-tensile tester equipped with AFM and an electrical resistance 

measurement unit, the crack distributions developed in the graphene electrodes 

were visualized during tensile tests. The microscopic mechanics for the 
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enhanced stretchability of DLG was found to be the interlayer sliding resulting 

from the weak interaction between the two artificially stacked graphene layers. 

This study provides a straightforward method and understanding of the 

mechanics for solving the low-stretchability problem of CVD graphene and can 

accelerate the widespread utilization of CVD graphene for flexible, stretchable, 

and wearable electronics. 

 

Experimental section 

Growth and transfer of graphene onto a PET substrate: As illustrated in 

Figure S1,3 multi-layer graphene was formed by a direct layer-by-layer transfer 

method to reduce the polymethylmethacrylate (PMMA) residue that affects the 

mechanical properties of graphene. First, a monolayer graphene film was 

synthesized in a quartz tube reaction chamber placed in the furnace using a 25-

µm-thick Cu foil as a catalytic substrate. The Cu foil was loaded into the quartz 

tube and preheated at 1000 °C for 2 h 40 min with H2 (H2 = 10 sccm at 98 

mTorr) in order to eliminate the copper oxide on the surface of substrate to 

anneal the Cu foil. A CH4/H2 gas mixture (1 sccm and 10 sccm, respectively, at 

130 mTorr) was introduced into the quartz tube for 5 hr 30 min while 

maintaining the temperature at 1000°C, and furnace was then cooled down to 

room temperature with only H2 (H2 = 10 sccm at 100 mTorr). After growth, the 

copper substrate was etched by a 0.1-M ammonium persulfate solution to 

separate graphene from the copper foil. In this process, PMMA was used as a 

supporting layer to hold the graphene stably because graphene can be 

damaged from the wet-etching process. The PMMA-coated graphene was 
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rinsed with DI water for 30 min and transferred onto the graphene grown a 

copper foil, realizing a PMMA-covered double layer of graphene on a copper foil 

without any residue between the graphene layers. The PMMA-free interface 

between graphene layers is very critical in this study. After the synthesis of 

graphene, we fabricated graphene layers on a PET substrate using the direct-

transfer method in Figure S1. Although various polymers have been studied as 

a possible substrate for electronic devices, a PET substrate is widely used for 

display applications because of their superior optical properties.27 Regarding the 

direct-transfer process used in this study, it is possible to ensure that no PMMA 

residue exists between the graphene layers because a layer of graphene is 

transferred directly onto another graphene layer grown on a Cu foil. From this 

technique, we could successfully fabricate DLG on PET and TLG on PET 

without any contamination between the graphene layers. The sheet resistances 

of SLG, DLG, and TLG on PET were 679, 372, and 365 Ohm/sq., respectively. 

The polymer substrate used in this study was a 188-μm-thick PET film coated 

with a primer on one side to improve adhesion. 

Macroscopic electromechanical tensile test: In order to obtain the 

electromechanical properties of graphene with macroscopic dimensions 

depending on the number of graphene layers, a sheet of multi-layer graphene 

on a PET film was cut into a dog-bone shape with a gage length of 42 mm and 

a width of 2 mm using a cutting plotter (Graphtec FC8000, Graphtec America, 

Inc.), as shown in Figure 2a. This shape was designed according to ASTM 

D882-09 and ISO527-3, which are standard test methods for the tensile 

properties of a thin plastic sheet. Au (200 nm)/Ti (3 nm) films were deposited on 
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Gr/PET using a shadow mask for the electrode to measure the electrical 

resistance. A Ti film was used to increase the adhesion between the Au thin film 

and the graphene layer. Figure 2b shows a schematic of the electromechanical 

tensile-testing system. A commercial tensile tester was utilized (Tytron 250, 

MTS, Inc.), and the strain rate for the test was 0.0004 s-1. A non-contact digital 

image correlation (DIC) method (Aramis 4M, GOM Co., Ltd) was used for the 

precise measurement of strain, and this improved the accuracy of our 

experimental results, while others have used the grip-to-grip distance for 

measuring strain, which suffers from uncertainty caused by slippage at the grips. 

The strain resolution of this equipment was 100 με. A current source meter 

(Keithley 2400 Source Meter, Keithley Instruments, Inc.) and a multimeter with a 

high accuracy (2812A Nanovoltmeter, Keithley Instruments, Inc.) were used to 

measure the small variation in the electrical resistance during the tensile test. In 

addition, we minimized the effects of contact resistance between the lead wire 

and the specimen using the four-wire method. The electrical resistance was 

obtained by measuring the voltage drop of the specimen at a current of 1 μA, 

and this small current was chosen to prevent the sample from being heated. 

Microscopic electromechanical tensile test with in-situ observation by 

AFM: The microscopic behaviors of graphene under tensile strain were 

observed in-situ using AFM. For the in-situ AFM tensile test, we combined a tiny 

tensile tester (Microtest, Deben UK, Ltd.) with AFM (JPK Co., tapping mode) 

with specially designed assembling parts and electrical measurement units. 

Figure 3a shows a schematic of the in-situ AFM tensile-testing system 

developed in this study, and AFM images were obtained in contact mode for 
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several applied tensile strains. Typically, the topographic images provided us 

with less contrast for the cracks and defects than the LFM images. On the basis 

of the crack generation and evolution revealed by LFM, the mechanics of the 

enhanced stretchability of multi-layer graphene was analyzed. 
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FIGURES 

(a) 

 

(b) 

 

(c) 

 

Figure 1. Characterization of the transferred CVD graphene and PET 

substrate. a) Comparison of the Raman spectra (excitation wavelength λ=514 

nm) measured from the PET substrate, single-layer graphene on PET, and 

double-layer graphene on PET. b) Topography and lateral force microscopy 

(LFM) images of the PET substrate, single-layer graphene on PET, and double-

layer graphene on PET. c) Normalized friction force of the PET substrate, 

single-layer graphene on PET, and double-layer graphene on PET.   
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(a) 

 

(b) 

 

(c) 

 

Figure 2. Electromechanical behavior of single-layer and multi-layer 

graphene. a) Photographs of the SLG, DLG, and TLG specimens. b) 

Schematic of the electromechanical tensile-testing system. c) Normalized 

changes in the electrical resistance of SLG, DLG, and TLG with an applied 

tensile strain. (SLG: single-layer graphene, DLG: double-layer graphene, and 

TLG: triple-layer graphene)   
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(a) 

 

(b) 
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(e) 

 

Figure 3. In-situ tensile-test–AFM investigation a) Schematic of the in-situ 

tensile-test–AFM system. b) Topography and lateral force microscopy (LFM) 

images of single-layer graphene and double-layer graphene on PET at different 

strains. Scale bar: 2 μm. c) Left: Normalized electrical resistances and crack 

densities of single-layer graphene and double-layer graphene on PET according 

to the strain. Right: Normalized electrical resistances according to the crack 

densities of single-layer graphene and double-layer graphene on PET.  d) 

Topographies and LFM images of an area with a crack at 20% deformation for 

single-layer graphene and double-layer graphene on PET. Right side: Heights 

and friction profiles of the blue dotted lines in the topography and LFM images. 

e) Electromechanical models of SLG and DLG on PET. Sliding of the upper 

graphene layer on the lower graphene layer leads to smaller crack density and 

wider crack width in the upper graphene layer of DLG than in the graphene 

layer of SLG. 
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(a) 

 

(b) 

   

Figure 4. Electromechanical responses of single-layer and double-layer 

graphene under a simple loading and unloading test. a) Variation of the 

normalized electrical resistance of single-layer and double-layer graphene on 

PET under a simple loading and unloading test. Inset is the corresponding 

strain–stress curve of double-layer graphene on PET. b) Variation of the 

normalized electrical resistance of double-layer graphene on PET under cyclic 

loading. The stability of the electrical resistance is investigated.  
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