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Fabrication of kirigami-inspired strain-insensitive graphene devices  

Graphene is synthesized on a 25m-thick copper (Cu) foil (MTI, CA) via chemical 

vapor deposition (CVD) (Rocky Mountain Vacuum Tech Inc., CO). The CVD furnace is 

heated to 1050 °C under H2 gas (50 sccm) at 150 mTorr. The Cu foil substrate is moved to the 

center of the furnace chamber using a load-lock system for the annealing process (60 minutes). 

After the annealing step, CVD growth of graphene is carried out under CH4 and H2 gases 

(CH4: 100 sccm and H2: 50 sccm) for 2 minutes at 520 mTorr. Then, the chamber is slowly 

cooled down to room temperature under Ar gas (500 sccm) at 330 mTorr. After the synthesis, 

undesired graphene on the backside of the Cu foil is removed by oxygen plasma etching 

(Diener GmbH, Germany) with a polymethyl methacrylate (PMMA) coating to passivate the 

top side. Graphene is used to develop the stretchable kirigami-inspired strain-insensitive 

graphene electrode and devices. 

Cu film (200 nm) is deposited by a thermal evaporator (Nano 36, Kurt J. Lesker, PA) 

on Si wafer to create a sacrificial layer. The first or bottom polyimide layer (Sigma Aldrich, 

MO) is spincoated (~2-4 μm). The polyimide layer is first soft baked on a hot plate at 150°C 

for 5 minutes and final curing is done at 350°C for 1.5 hours under N2 flow. The PMMA-

coated graphene is transferred onto the first polyimide layer. The PMMA scaffold layer is 

subsequently dissolved in acetone for ~5 minutes. The assembly is then annealed in low 

pressure (150 mTorr) at 350°C under Ar flow. Following that, Cr/Au metal electrodes (7 
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nm/70 nm) is thermally deposited, before patterning the graphene via photolithography and 

O2 plasma reactive ion etching (RIE). Subsequently, the second or top polyimide layer is 

spincoated and cured. A 40 μm Cu etch mask is patterned on the top polyimide layer. Then, 

the assembly as a whole is patterned into a kirigami shape by O2 plasma etching. Finally, the 

device is released by etching the sacrificial layer by sodium persulfate solution. 

Fabrication of buckle-delaminated crumpled graphene 

A VHB film (3M, MN), a highly stretchable acrylic film, is biaxially pre-strained 

by εpre,x ~ 350% and εpre,y ~ 200%. CVD grown graphene on a Cu foil is then transferred 

onto a pre-strained VHB film. The Cu foil is then chemically etched with sodium 

persulfate aqueous solution. The crumpling of graphene structure is accomplished by 

subsequent releasing of the elastomeric substrate. Thin gold film (40 nm) is deposited by 

thermal evaporator (Nano 36, Kurt J. Lesker, PA) with a shadow mask to create contact 

pads. The device is biaxially re-stretched during the thermal deposition to create corrugated 

gold contact electrodes enabling the device stretchability.  

Fabrication of kirigami inspired graphene electrode with PDMS encapsulation 

 The contact window of top layer PDMS (Gel-Pak, CA) was first patterned via laser 

cutting (Potomac, MD). The CVD graphene was transferred onto the bottom PDMS via 

stamping. The Cu catalyst was removed by wet etchant. The transfer was completed by 

rinsing the sample in multiple water baths. Before bonding the top and bottom PDMS, the 

top PDMS was surface activated by oxygen plasma reactive-ion etching (March Jupiter III, 

CA) for 30 seconds (75 W). To improve the adhesion between the PDMS layers, the 

assembly was heat treated at 65°C inside an oven. 
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Calculation of normalized transconductance of a solution-gated field-effect transistor 

 The transconductance, gm is obtained by taking the linear slope (IDS/Vg) of the 

transfer curve (Figure 4e), while the normalized transconductance, gmN is calculated as 

follows:   

 𝑔𝑚𝑁 = 𝑔𝑚
𝐿

𝑊𝑉𝐷𝑆
=

𝑑𝐼𝐷𝑆

𝑑𝑉𝑔

𝐿

𝑊𝑉𝐷𝑆
 (1) 

where L and W are, respectively, the length (350 μm) and width (150 μm) of the FET channel, 

VDS is the drain-source bias (30 mV), IDS is the drain-source current, and Vg is the gate 

potential. 

Open source web-based kirigami simulation tool - GAMIAN 

 A supplementary open source web-based kirigami simulation design and mechanical 

assist tool, GAMIAN, is developed to assist computationally-driven morphology prediction of 

kirigami structure under strain. Starting from designing cuts or incisions on any thin-film 

structure to solving for its final deformed configuration under planar loading, all the steps can 

be carried out using GAMIAN. GAMIAN provides functionalities to select material, define 

the kirigami geometry, perform meshing, and numerically solve for the deformation response 

using the nonlinear finite-element method. Using these capabilities, a user can iterate over the 

choice of materials and geometric dimensions and cut-patterns and achieve the desired 

deformation pattern of a kirigami structure. 

 

Website: https://nanohub.org/tools/gamian 
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Figure S1. Raman spectrum for CVD synthesized graphene on copper foil. 
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Figure S2. Schematic illustration of fabrication steps for the kirigami-inspired graphene 

devices. 
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Figure S3. Strain-sensitive electrical characterization of buckle-delaminated crumpled 

graphene electrode. Biaxial pre-strains of ~350% and 200% are applied on the elastomeric 

substrate before the graphene transfer. The normalized change in resistance as a function of 

uniaxial tensile strain from 0% to 200% in the larger substrate prestrained direction is 

presented. Inset shows the schematic illustration of crumpled graphene on flexible elastomer. 
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Figure S4. Kirigami electrode with restricted out-of-plane deformation by adhering to a VHB 

substrate. The kirigami electrode is uniaxially extended from (a) 0 % to (b) 120 %. (c) The 

kirigami electrode exhibited limited strain-insensitivity in the case of restricted out-of-plane 

deformation. 
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Figure S5. Kirigami-inspired graphene electrode with PDMS as an encapsulation material. 

The kirigami electrode is uniaxially extended from (a) 0 % to (b) 140 %. Insets present the top 

view device images. (c) The PDMS kirigami electrode exhibited strain-insensitivity below 

50% uniaxial strain. All scale bars are 5 mm.  
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Figure S6. Simulated z-displacements and stress distribution of a kirigami design. (a) 

Variables corresponding to the dimensions of kirigami design shown in Figure 3a-h. (b) Fixed 

experimental boundaries on glass slide and tracked edge profile of kirigami unit cell under 

varying uniaxial tensile strain for z-displacement shown in Figure 3g. (c) z-displacement of 

kirigami architecture at ~129% uniaxial tensile strain. (d) Fixed experimental boundaries on 

glass slide and tracked edge profile of kirigami unit cell under varying uniaxial tensile strain 

for stress distribution shown in Figure 3h. (e) Stress distribution of kirigami architecture at 

~129% uniaxial tensile strain. (f-h) Evolution of stress distribution of kirigami architecture 
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from 40% to 120%. Regions of maximum stresses occur at locations with highest change in 

curvature, and these regions remain constant throughout the buckling process.  
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Figure S7. Deformation modes of a twisted kirigami graphene. (a) Displacement of kirigami 

when subjected to ~113° rotation. (b) Strain in torsional state.

https://www.degreesymbol.net/
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Figure S8. Parametric studies of different kirigami designs and their corresponding strain 

limit. (a) Different notch designs are evaluated including varying beam length, notch length, 

hinge length, and number of notches. (b) Effects of different beam widths (where beam width 

is increased by decreasing notch width) to tune directional stretchability. (c) Different row 

numbers (nrow) to tune the uniaxial strain limit of kirigami designs. (d) Different polyimide 

thicknesses are evaluated and small stretchability variance is found for the chosen kirigami 

design and scale of interest. (e) Drastic discrepancies in stretchability between two different 

device designs with respect to island width and notch length. 
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Figure S9. Uniaxial strain limit as a function of surface area by varying kirigami designs. The 

designs for kirigami-inspired graphene electrode, multi-row electrode, and graphene device 

are evaluated separately given the differences in design motif. Bottom left inset demonstrates 

the conformity and breathability of a kirigami graphene electrode on a wrist as a result of 

lower relative area coverage. Bottom middle inset shows how the relative area is measured.   
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Figure S10. Strain-insensitive graphene devices. (a) Normalized transconductance plot 

derived from transfer curve shown in Figure 4e. (b) Normalized photocurrents as a function of 

3 different structural configurations (neutral, 130% uniaxially stretched, and 360° twisted).  
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Figure S11. All-graphene FET with extended Au source and drain electrodes removed. (a) 

Photograph of the FET without the inner meandering source and drain electrodes compared to 

Figure 4a. Inset shows rendering of the active sensing region. Scale bar is 1 mm. (b) Strain-

insensitive ambipolar transfer curves of the PBS-gated all-graphene FET under 2 structural 

configurations (neutral and 150% uniaxially stretched). 
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Figure S12. Integrated Au gate electrode FET. (a) Photograph of the FET with source, drain, 

and gate electrodes in a single plane. Inset shows a schematic drawing of the graphene FET 

active sensing region. Scale bar is 1 mm. (b) Strain-insensitive ambipolar transfer curves of 

the PBS-gated integrated Au electrode graphene FET under 2 structural configurations 

(neutral and 150% uniaxially stretched). 


