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Supplementary Table S1. 

Supplementary Figures S1 to S17. 
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Structure Height predicated 

by  FEA (mm) 

Height measured from 

experiments (mm) 

Left, top 1.25 1.29 

Left, middle 1.89 1.92 

Left, bottom 4.39 4.50 

Right, top 1.04 1.04 

Right, middle 2.99 2.82 

Right, bottom 1.18 1.32 

 

Table S1. Comparisons of the final heights of the 3D structures (shown in Figure S5) in shape II 

predicated by FEA and measured from experiments.  
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Figure S1. Design and deformation of kirigami elastomer substrates under biaxial stretching. (A) 

Schematic diagram and experimental image (optical) illustrating the geometric parameters employed in 

the pattern of cuts. (B) Comparison of rotation angles at the centers of the unit cells from FEA and 

experiments as a function of different 2 D  ratios and biaxial prestrain. (C) Color representations of the 

distributions of rotation angles and experimental images (optical) of a kirigami silicone elastomer 

substrate with different 2 D  ratios biaxially stretched from 0% to 100%. The unit cell size D  is 8 mm 

and the cutting width w  is 100 µm.  Scale bar, 5 mm. 
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Figure S2. Schematic illustration of steps for fabricating 3D morphable structures on kirigami substrates. 
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Figure S3. Dependence of the spatial maximum of the maximum principal strains and the unit rotation 

angles on the stretched kirigami substrate, as a function of the ratio of cut width to unit cell size ( w D ) and 

applied biaxial prestrain from FEA. (A) Schematic diagram illustrating the geometries with various w D  

ratios (from 0.01 to 1). (B) Plot of the spatial maximum of the maximum principal strain as a function of 

the biaxial prestrain with different w D values (from 0.01 to 1). (C) Plot of the spatial maximum of the 

maximum principal strain as a function of w D  with different biaxial prestrain (24%, 41%, 66%, and 

100%). (D) Plot of the rotation angle at the centers of the unit cells as a function of the biaxial prestrain 

with different w D  values (from 0.01 to 1). (E) Plot of the rotation angle at the centers of the unit cells as 

a function of w D  with different biaxial prestrain (24%, 41%, 66%, and 100%). 
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Figure S4. Schematic illustration of steps for fabricating 3D morphable, origami-inspired structures on 

kirigami substrates. 
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Figure S5. Incorporation of twisting into a broad set of 3D morphable mesostructures: 2D geometries, FEA 

predictions and experimental images (optical) of morphable 3D ribbon structures, membrane structures, 

and hybrid ribbon/membrane structures assembled on kirigami substrates. Shape I and shape II correspond 

to the 3D shapes after releasing of the stretching mode (prestrain from 100% to 40%) and releasing of the 

rotating mode (prestrain from 40% to 0%). Scale bars, 1 mm. 
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Figure S6. Schematic illustration of the 2D precursor designs for three exemplary origami-inspired 

structures.  
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Figure S7. Demonstration of the continuous shape transformation of a sophisticated, flower-like 3D 

mesostructure enabled by buckling and twisting. Scale bars, 2 mm. 
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Figure S8. 3D morphable architectures at microscale and in an array formed by buckling and twisting. 

(A) Scanning electron microscope images of microscale 3D structures on kirigami substrates. (B) 

Experimental images (optical) and FEA results of an array of eight different 3D mesostructures, 

demonstrating the single-step, parallel feature of the assembly approach. (C) Optical image of the 2D 

precursors bonded to a prestretched kirigami substrate (100% prestrain) for the assembly of 3D structures 

shown in (B). Scale bars, 200 µm for structures in A, 1 mm for structures in B and C. 
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Figure S9. 2D geometries, FEA predictions and experimental images of an array of creased structures. 

(A) 2D precursor designs and FEA predictions (showing normalized displacements in z direction) of a 

unit creased structure before and after buckling and twisting. (B) Top-down view and (C) side view of 

FEA predictions and experimental images (optical) of an array of creased structures after buckling and 

twisting. Scale bars, 1 mm.  
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Figure S10. 2D geometries, FEA predictions and experimental images of a 4x4 array of creased 

structures. (A) Top-down view of 2D precursor designs and FEA predictions of a unit creased structure 

before and after buckling and twisting. (B) Isometric view of FEA predictions and experimental images 

(optical) of an array of creased structures after buckling and twisting. Scale bar, 1 mm.  
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Figure S11. Optical images of a kirigami silicone elastomer substrate with two-level square cut pattern 

biaxially stretched from 0% to 60%. Scale bars, 1 mm. 
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Figure S12. Schematic illustration of steps for fabricating 3D morphable, silicon-SU8 structures on 

kirigami substrates. 
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Figure S13. Schematic illustraions of (A) square cut pattern with a unit aspect ratio of 1 and (B) 

rectangular cut pattern with a unit aspect ratio of 2.5.  
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Figure S14. Wrinkle formation in elastomer substrates with square cut patterns during biaxial stretching. 

(A) Temporal sequence of changes in applied strains for two different loading paths. (B) Simultaneous 

biaxial stretching along path I in (A) does not create wrinkles while (C) sequential stretching along path II 

in (A) results in wrinkle formation. (B) and (C) correspond to the top-down and isometric views of state 1 

and 2 shown in (A). 
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Figure S15. Optical image of three 2D precursors bonded to a prestretched kirigami substrate (50% 

prestrain in x axis, 125% prestrain in y axis) for demonstrating the incorporation of twisting into a 

loading-path controlled mechanical assembly mechanism. Scale bars, 2 mm. 
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Figure S16. Measured THz electric field strength (arbitrary unit) as a function of time (unit: ps) under 

LCP and RCP for (A) blank, (B) shape I of the 3D trilayer microstructure (design I in Fig. 5A), and (C) 

shape II of the 3D trilayer microstructure. 
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Figure S17. Simulations of an array of 3D morphable trilayer microstructures as mechanically tunable 

optical chiral metamaterials. (A) FEA results of a 5x5 array of 3D morphable trilayer microstructures 

(design I in Fig. 5A). (B) Electromagnetic simulation of the circular dichroism (CD) of an array of 

morphable 3D trilayer microstructures with two 3D shapes (design I in Fig. 5A) in the 0.2-0.4 THz 

frequency range. 

 

 

 

 

 

 

 

 

 


