






Extended Data Fig. 4 | Geometry design of sequential metamaterials.  
a, A metamaterial with a 4 × 4 orthogonal line-mode pattern and the 
represented unit cell of size 2ℓ. The ligament in the centre of the unit cell has  
an angle α = 45° and size t2, and the rest of the straight ligaments have size t1.  
b, A 3D unit cell with three orthogonal layer modes in the X, Y and Z directions 
and the represented components. The ligament in the centre of the components 

has an angle of 45° and diameter d2. The rest of the straight ligaments have 
diameter d1. c, A cylindrical line-mode metamaterial of radius R, thickness T and 
length L and the represented unit cell of size 2ℓ. There are six unit cells in the 
length direction and eight unit cells in the circular direction. d, A cylindrical 
metamaterial revolved from a 12-layer beam structure with aspect ratio t/ℓ and 
the represented cross-section.
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Extended Data Fig. 5 | Material calibration and sample fabrication.  
a, Stress–strain curve of 3D-printed 316L steel, for which we linear fit the  
elastic modulus and tangent modulus. The fits provide measurements for 
Young’s modulus E ≈ 200 GPa, yield stress σy ≈ 500 MPa, and tangent modulus 

Et ≈ 500 MPa. b, 3D-printed metamaterial with 316L stainless steel. Supports 
are added at the overhang edges along the printing direction (left) and are 
removed after printing (right). c, Milled metamaterial from a 316L stainless 
steel tube.



Extended Data Fig. 6 | Metamaterials with more density of line modes.  
a, A unit cell with single line mode (top) is adjusted to a unit cell with two line 
modes (bottom). b, Snapshots of a metamaterial with ten line modes under 

compression. c, Force–displacement curves of the metamaterial with ten  
line modes (red solid line) and the metamaterial with six line modes (blue 
dashed line).
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Extended Data Fig. 7 | Out-of-axis compression of the metamaterials  
with six line modes. a–e, Snapshots of the metamaterials at rest (top) and 
compressed (bottom) at oblique angles from 3° to 30°. f–i, The force F versus 

compressive stroke u/L and the number of buckled line modes Nbuckled versus 
compressive stroke u/L of the metamaterials at angles from 3° to 9° (f and g) 
and from 9° to 30° (h and i).



Extended Data Fig. 8 | Multiple impacts. a,b, Snapshot comparisons at each 
impact of the sequential metamaterial and the crash can with the same stiffness 
and strength. Each impact has a speed of 3.2 m s−1 and a weight of 5.5 kg. c,d, The 

impact speed V versus impact time at each impact of the metamaterial (c) and 
the crash can (d). e,f, The deceleration (Dec.) versus compressive stroke under 
six impacts of the metamaterial (e) and the crash can (f).
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Extended Data Fig. 9 | Yield buckling in several directions. a–c, A metamaterial 
exhibits 8 × 8 orthogonal line modes along the vertical and horizontal directions. 
Metamaterial at rest (a) and under horizontal and vertical compression (b) in 
simulations. c, Corresponding force–displacement curves. d,e, 3D unit cell 

with three orthogonal buckling modes localized along surfaces. Structure  
at rest (d) and in linear buckling stability analysis along three directions (e)  
(see Supplementary Video 5).



Extended Data Fig. 10 | Yield buckling of beams and metacrashcans.  
a, Sketch of a buckling beam. b, Postbuckling stiffness S versus aspect ratio  
t/ℓ and moduli ratio Et/E. The red triangles denote the yield-buckling regime 
defined by S < 0 and Fsc < Fcr. c,d, Buckling behaviour of a six-layer beam 
structure with sliding constraints on its side. c, Snapshots at selected buckling 
steps. The colours denote the horizontal displacement field. d, Corresponding 

force–displacement curve. The reaction force is normalized by the initial 
yield-buckling load, Fcr = σyt. e, A metacrashcan made by revolving five layers  
of beams with t/ℓ = 0.03 at rest and selected buckling steps under compression 
at which each layer enables two steps of folding. f, Corresponding force–
displacement curve.




