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Two-dimensional (2D) materials like graphene 
and MoS2 are highly deformable because they 
are thin and have atomic layers that slip to 
relieve stress. Understanding the bending 
stiffness of 2D materials is key to creating 
deformable, high performance flexible and 
wearable electronics.
The Illinois MRSEC team has demonstrated a 
new ability to create ultra-soft 2D 
heterostructures by design. With combined 
electron microscopy studies and atomistic 
simulations, they show that systematically 
incorporating low-friction interfacial layers into 
2D stacks tunes the bending stiffness up to 
several hundred percent. The interfacial registry 
and interactions were found to be crucial in 
determining the bending stiffness, leading to new 
design rules for highly deformable electronics 
based on 2D heterostructures.

a) Schematic of 2D heterostructure bent over a hexagonal boron nitride 
(h-BN) step. b-c) Scanning transmission electron microscopy images of 
graphene-MoS2 heterostructures over h-BN steps. The bending stiffness is 
measured from the shape of the bend in the image. Scale bars are 2 nm. 
d) Experimental bending stiffness of four-layer graphene-MoS2 
heterostructures with different stacking orders. By simply changing the 
order of the graphene and MoS2  layers, the bending stiffness is tuned up 
to 400%. 
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Using electron microscopy and atomistic simulations, we probe the bending stiffness of multilayer 
graphene and determine their underlying bending mechanism. For monolayer graphene, we 
experimentally measure a bending stiffness of 1.2-1.7 eV, in agreement with theoretical calculations 
from our own work and from the literature. For multilayer graphene, the bending stiffness 
dramatically softens with increasing angle. Using atomistic simulations, we discover that multilayer 
graphene follows the shear-slip bending mechanism. At low bending angles, multilayer graphene 
behaves as a rigid body. However, as the bending angle increases, the individual atomic layers 
gradually shear and slip past each other, thus weakening the interlayer interactions until the 
multilayer graphene finally behaves as independent, frictionless layers. This transition is captured in 
our calculation of the scaling law of bending stiffness as a function of thickness for multilayer 
graphene, which gradually decays from cubic to linear above a bending angle threshold. 

Our work provides a unified model for bending in two-dimensional materials and show that their 
multilayers can be orders of magnitude softer than previously thought, among the most flexible 
electronic materials currently known.


