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in this file on 29 April 2013. 
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Characterization of multilayer graphene films grown on Ni. 

 An optical image of a graphene film on a PDMS substrate shows clear contrast between 

areas with different numbers of graphene layers. The micro-Raman spectroscopy was used to 

characterize the number of layers at typical areas with different contrast in the optical image. The 

darkest area in the Fig. S2a corresponds to a monolayer of graphene, and the brightest area is 

composed of more than ten layers of graphene. Few-layer structures (3-10 layers) appear to 

predominate in optical images of our samples. The defect density is evaluated by the intensity 

ratio of D band over G band in Raman spectra (Fig. S2b). We found that in all the spectra we 

measured the value of ID/IG is in the range of 0.03 - 0.5, indicating a low defect density in 

graphene films on PDMS. The sheet resistance of the graphene films on PDMS was measured by 

a standard four-probe method. The minimum sheet resistance we obtained is 1.3 kΩ per square, 

which is in the range of reported sheet resistances for CVD graphene films grown on nickel 

substrates.9,34   

 

Characterization and crumpling of multilayer graphene films grown on Cu. 

 Multilayer graphene grown on Cu (ACS Materials, US) was transferred to PDMS 

following the method described in Fig. S1. The minimum sheet resistance of the multilayer Cu-

grown graphene is measured to be 0.5 kΩ per square. The transmittance of the multilayer Cu-

grown graphene is similar with that of the Ni-grown one, at the range of 75 - 84%, which is 

lower than that of monolayer Cu-grown graphene (Fig. S4a). The Raman spectra show that the 

number of graphene layers grown on Cu is 3~4 (Fig. S4b). The Raman spectra captured at many 

different spots show a similar pattern, especially for the intensity ratio of G band over 2D band, 

indicating that the multilayer Cu-grown graphene is more homogenous than multilayer Ni-grown 

graphene. We further transferred a multilayer Cu-grown graphene to a biaxially pre-stretched 
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VHB substrate and then relaxed the pre-strains in the VHB substrate. As shown on Fig. S4c and 

d, the Cu-grown graphene film was crumpled into a pattern with ridges and vertices similar as 

those of crumpled Ni-grown graphene. 
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Supplementary Figures and Figure Captions 

 

 

 

Figure S1. Schematics of the fabrication processes of large-scale crumpled graphene (Step 

I) and graphene-polymer laminate (Step II).  
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Figure S2. Characterizations of graphene films grown on nickel by CVD. a, An optical 

microscope image of the graphene film transferred to PDMS. b, Raman spectra (633-nm laser 

wavelength) obtained from the corresponding colored spots in (a) (a.u., arbitrary units.) The 

number of layers is estimated from the intensities, shapes, and positions of the G-band and 2D-

band peaks.  
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Figure S3. Reversible crumpling and unfolding of a graphene film by controlling the 

biaxial compressive strain in the graphene through stretching/relaxing the polymer 

substrate. SEM images of the graphene film under various biaxial compressive strains: 75%, 

50%, 25%, and 0%.  
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Fig. S4. Characterizations of multilayer graphene films grown on Cu. a, The transmittances 

of different graphene films on PDMS substrate: monolayer graphene grown on Cu, multilayer 

graphene grown on Cu, and multilayer graphene grown on Ni. The discontinuities in the 

absorption curves arise from the different sensitivities of the switching detectors. b, Raman 

spectra (633-nm laser wavelength) obtained at different spots on the multilayer Cu-grown 

graphene films in (a). (a.u., arbitrary units). c, d, SEM images of the multilayer Cu-grown 

graphene crumpled on a VHB substrate.  
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Figure S5. AFM images of nanoscale patterns in a graphene film on a biaxially pre-

stretched substrate. a, Delaminated buckles as the substrate is uniaxially relaxed, b, crumples 

as the substrate is biaxially relaxed, and c, crumples unfolded as the substrate is biaxially 

stretched back.  
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Figure S6. A graphene film gives delaminated buckles under high uniaxial compression. A 

section has been made on the buckled graphene to demonstrate the delamination35. a, SEM 

image and b, c, AFM images of the delaminated buckles on the sectioned graphene film. 
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Figure S7. Atomistic simulations of graphene crumpling under 50% biaxial compression. a, 

Sequential Compression: (from left to right, up to down) horizontal compression of 6%, 20%, 

50%, subsequent vertical compression of 20%, 50%, and von Mises stress distribution. Under 

horizontal compression, multiple vertical small buckles develop and merge to form larger ridges 

in order to minimize the interfacial energy. When two buckles are traveling in the opposite 

direction, one buckle may ride on the other buckle, which leads to formation of a 3-layer folded 

structure. Under subsequent vertical compression, horizontal ridges form in a similar manner. In 

the end, characteristic orthogonal crumpling pattern appears. Stress concentration is observed at 

the vertices and the curved region at the top of ridges. b, Simultaneous Compression: 

compression of 7%, 15%, 25%, 35%, 50%, and von Mises stress distribution. Under 

simultaneous compression, multiple small buckles initiate with random orientation and merge to 

form several flat domains separated by a few large immobile entangled ridges. Under further 

compression, ridges become higher and more curved. Eventually, an irregular crumpled 

morphology appears. Periodic images around the simulation cell are shown for visualization. All 

scale bars are 20 nm. Visualizations of atomistic geometries are performed using VMD36 and 

AtomEye37. 
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Figure S8. SEM images of crumpled graphene formed by simultaneously relaxing the 

biaxial pre-strains in the substrate. The crumpling pattern is more irregular than the one 

formed by sequentially relaxing the biaxial pre-stretch in the substrate.  
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Figure S9. a, The resistance of a crumpled gold film of 20 nm thick increases by 5 orders of 

magnitude under uniaxial strain up to 200% due to fracture of the metal film38-40. b, SEM image 

of long connected cracks in the metal film under uniaxial strain. 
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Figure S10. The graphene film is fractured and fragmented when the applied tensile strain 

on the substrate exceeds the pre-strain. Microscope images of a graphene film under uniaxial 

tensile strains of 0%, 50% and 100%.   
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Figure S11. Voltage-induced actuation of a flat-graphene-elastomer laminate. a, Graphene-

elastomer laminate under zero voltage. b, As a voltage is applied, the flat graphene-elastomer 

laminate can achieve a maximum area strain of 20% in the first cycle of actuation and c, only 

7.6% area strain in the second cycle. 
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Video Captions 

Video S1. Atomistic modeling of a single layer graphene confined on a rigid substrate under 

sequential 50% biaxial compression. In the early stage of compression along the horizontal axis, 

small vertical wiggles and buckles develop first. They gradually merge into larger vertical 

delamination buckles to reduce the interface energy. One of them becomes a vertical ridge and 

the other forms a 3-layer folded structure. Under subsequent compression along the vertical axis, 

horizontal ridges develop in a similar manner. In the end, orthogonal crumpling pattern appears 

with ridges and vertices, as observed in experiments. 

 

Video S2. Atomistic modeling of a single layer graphene confined on a rigid substrate under 

50% equibiaxial simultaneous compression. In the early stage of compression small wiggles and 

buckles form with random orientations. They gradually merge into larger delamination buckles 

and eventually form immobile entangled ridges. Under further compression, entangled ridges 

and vertices grow higher, and the morphology becomes more complex. In the end, irregular 

crumpling pattern appears that is more complex than that of the subsequential compression, as 

observed in experiments. 

 

Video S3.  As a voltage is applied on a graphene-polymer laminate, the laminate reduces its 

thickness and expands its area. The area actuation strain is over 100%. Once the voltage is 

withdrawn, the laminate restores its undeformed state.  
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Superhydrophobic state 
The current study is focused on crumpling and unfolding of multifunctional graphene1. 
Regarding superhydrophobicity, we adopt the simplest definition, a static contact angle over 150º 

2. We follow the standard procedure to measure static contact angles of water drops. In order to 
avoid excessive evaporation of water3, the contact angles are measured shortly after dispensing 
water drops on graphene. Nevertheless, the measurement process lasts 60s−120s during which 
the static contact angle does not vary, indicating that the drop has reached a metastable 
equilibrium. 
 
Our theory hypothesizes that water drops on highly crumpled graphene are in Cassie-Baxter 
state. To understand this point in more detail we measure the advancing and receding angles of 
water drops on different locations in multiple samples4,5. Figure 1 shows that the measured 
advancing angles are unanimously high, but the hysteresis between advancing and receding 
angles varies from ~5o to ~60o. The high advancing angles and low hysteresis confirm that the 
drops are in Cassie-Baxter state at multiple locations, although the observation of high hysteresis 
in other cases indicates pinning of drops at transition or Wenzel state, possibly caused by defects 
on crumpled graphene, which also prevents the roll-off of drops. This inhomogeneous surface 
structure could be minimized or maximized during an improved fabrication process as required 
by specific technological applications (work in progress). 
 
Effects of bare substrate and graphene-substrate adhesion 
While the bare substrate is more hydrophobic than graphene, the surface roughness of the 
stressed and relaxed substrate is much smaller than that of crumpled graphene (compare Fig. 2a 
and Fig. S5b in Ref. 1). The static contact angle of water drops cannot exceed 110o on stressed 
or relaxed bare substrate, which therefore does not explain the observed superhydrophobicity. 
Furthermore, we vertically immerse crumpled graphene into water and then pull it out. The 
crumpled graphene does not detach from the polymer (Fig. 2b) nor is its hierarchical 
microstructure altered (compare Fig.2c and Fig.1d in Ref. 1), indicating that the adhesion 
between graphene and polymer is sufficiently strong to resist water surface tension. Both the 
comparison of surface roughness and the mechanical stability of crumpled graphene support our 
conclusion that the hierarchical structure of crumpled graphene leads to the observed 
superhydrophobicity.  
 
We acknowledge C. D. Volpe and S. Siboni for their helpful comment and discussion on the 
paper. 
 
 
 
 



 
 
Fig 1. Statistical distributions of (a) advancing angle and (b) hysteresis between advancing 
and receding angles of water drops on crumpled graphene. The high advancing angles and 
low hysteresis suggest that the drops are in Cassie-Baxter state at multiple locations, although the 
high hysteresis indicates pinning of drops.   



 

 
 
 
Fig 2. Surface structures of the bare substrate and crumpled graphene after immersed in 

water: a. AFM images of undeformed, stressed ( %400=preε ), and relaxed substrate. The 

roughness of the bare substrate is much smaller than crumpled graphene. b. Photo of crumpled 
graphene on substrate immersed in water. c. SEM image of the hierarchical microstructure of 
crumpled graphene after having been immersed in water. The crumpled graphene does not 
detach from the polymer nor is its hierarchical microstructure altered by immersing in water. 
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