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A. Reusable yield buckling

Reusability is becoming a new important research direction in shock absorption. However, so far, most of the studies
about it focus on elastic materials or structures that have low stiffness and energy absorption. Here, we numerically
explore the possibility of reusing the shock absorber with sequential yield buckling. The idea is the following: we first
trigger the sequential yield buckling in metamaterials under compression; then we stretch the samples to the initial
position such that the ligaments become straight; finally we compress again the specimen to see if the sequential
yield buckling can occur again upon subsequent compression; we repeat the procedure several times with multiple
compression-stretch cycles. In order to take into account the Bauschinger effect of the plastic deformations under
cyclic loading, we use the kinematic plastic model in the simulation. We use equivalent plastic strain to describe the
failure of the ligaments. We compare two types of metamaterials with 2 x 2 line modes. In the first design, we used
the line-mode unit cell in the Main Text where the horizontal stabilising ligaments—not in the loading path—tend
to delay the onset of buckling after yielding (Fig. Sla and Fig. 2ab in Main Text). In the second design, we decouple
the buckling units in line modes with stabilising ligaments in a vertical orientation (Fig. Sle).

Both designs show sequential yield buckling under the first compression (Fig. S1df red), but the second design has
much less plastic deformation at the moment of self-contact (Fig. S1bf). We then stretch the samples to the initial
position after all line modes enter into self-contact. Because of the large plastic strain in the first compression, the
ligaments in the loading path of the first design start to fail and break during the stretching process—mnumerically
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FIG. S1. Reusable sequential yield buckling after compressing and stretching. a-d, FEM data of the first line-mode
design where the hinges get failure in the first stretch. e-h, FEM data of an improved line-mode design where the sequential
buckling occurs again in the three rounds of compressing and stretching process without ligament failure. a and e, 2 x 2
line-mode metamaterial of the first design with horizontal ligament connection (a) and the improved design with the vertical
ligament connection (e). b and f, Samples at the moment of a line mode entering self-contact upon a first compression. The
color map denotes the plastic strain. ¢ and g, Samples at the moment of stretching at the stoke of 0.024 (¢) and at the initial
position (g). d and h, Corresponding force-displacement curves. (h) demonstrates that the sequential yield buckling occurs
upon multiple compression and stretching cycles. (i,) Welded metamaterial under stretching after six steps of yield buckling
and the detached boundary.



the mesh at the ligaments exhibits a large distortion (Fig. Slc). In contrast, the sample in the second design does
not fail. The reason is that the stabilising ligaments are more compliant and thus this design exhibits a smaller
buckling load (Fig. S1h) and a smaller plastic deformation at the ligaments upon the first compression (Fig. S1f) and
stretching (Fig. S1g). This entails that the stress is small enough not to trigger failure. In the second and third cycles
of compression, sequential yield buckling still works in the decoupled design but shows less buckling force and force
drop (Fig. S1h).

It is worth noting that in reality, the fatigue of the materials, especially for metals, under plastic deformation can
limit the number of loading cycles. We attempt to demonstrate cyclability by stretching a metacylinder that has
been welded to clamps after having been initially compressed (Fig. S1i). We see however that the sample failed at
the welding point of the boundary side. Exploring such reusability of sequential yield buckling is a fascinating future
research direction.

B. Sequential metamaterials for load bearing

How do the mechanical properties of the sequential metamaterials with yield buckling compare to other state-
of-the-art sequential metamaterials with the snap-through mechanism? We make an Ashby chart with the relative
stiffness E*/E, and plateau strength o,;, which characterizes the ability of materials for load bearing. In this metric,
our sequential metamaterials with yield buckling mechanism outperform other snap-through sequential metamaterials
with different constitute materials from nylon [1] to shape memory alloy (SMA) [2] and different scales from micro- [3]
to macro-lattices [4]. Our findings overcome the limited loading bearing capacity of snap-through metamaterials and
other bending-dominated metamaterials [5].
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FIG. S2. Load bearing performance. Relative stiffness vs. plateau strength between this work and other metamaterials with
snap-through mechanism: snapping shape memory alloy (SMA) [2], snapping micro-lattices [3], phase transforming materials [4],
shape-reconfigurable materials [1] and self-contact mechanism: beak-inspired metamaterials [5].

C. Supplementary Videos

Description of supplementary videos:

Supplementary Video 1: Summary. We summarise the regime of yield buckling and the function of triggering
clean sequential buckling in metamaterials that can be used as ideal shock absorbers with load bearing and stable
energy dissipation at the same time.

Supplementary Video 2: Yield buckling. We introduce the regime of yield buckling in a pair of rotating squares.
We illustrate the difference between elastic, plastic, and yield buckling and demonstrate that yield buckling allows



separating the buckling mode in a two-layer structure of squares and achieving clean multistep sequential buckling in
a six-layer of rotating squares.

Supplementary Video 3: Yield buckling in line-mode metamaterials. We introduce yield bucking into a
metamaterial pattern with line modes (zero energy modes). The line-mode pattern can postpone the force drop of
yield buckling and the yield buckling enables a large number of sequential buckling in line-mode metamaterials. In
contrast, elastic and plastic buckling can only have a single step of global buckling mode in metamaterials with a
large number of line modes.

Supplementary Video 4: Sequential yield buckling for shock absorption. In this video, we demonstrate that
sequential metamaterials with line modes and yield buckling can be used as shock absorbers that are tunable over a
large range of plateau stress, robust over a large range of impact speeds, and usable multiple times. The metamaterials
are tunable: the metamaterials with six line modes show six steps of sequential buckling which correspond to a high
stiffness before buckling and a stable plateau strength after buckling. The plateau strength of the metamaterials can
increase 2 times when the thickness of the ligaments in metamaterials increases from 0.4 mm to 0.6 mm. Sequential
yield buckling is robust: the sequential line-mode buckling is well delineated in the metamaterials over a large range of
impact speeds from 0.1 m/s to 10 m/s. In the case of 10 m/s, the first two line modes buckle in a less clear sequence
before self-contact happens—we suspect this to be due to the viscoplasticity of steel at large strain rates. After that,
the rest of the line modes show clear sequential buckling again. The sequential metamaterials can be used multiple
times: the metamaterial can retain its initial stiffness and strength after a six-round static loading and unloading
compression and have the same deceleration in the very impact of speed 3.2 m/s and weight 5.5 kg

Supplementary Video 5: Multidirectional yield buckling. We modify the design of the line-mode pattern to
host line modes in two orthogonal directions. We confirm such design with simulations in a metamaterial with 8 x 8
line modes and with experiments in metamaterials with 4 x 4 line modes. Both simulations and experiments show the
same wiggly plateaus in both directions. We expand this strategy into three dimensions with three orthogonal layer
modes and prove it with the linear buckling mode in simulation.

Supplementary Video 6: Sequential yield buckling in out-of-axial compression. In this video, we demonstrate
a robust sequential yield buckling of metamaterials with six parallel line modes under compression of five different
oblique angles from 3° to 30°. Except for the case of 30°, all the metamaterials have full six steps of sequential
buckling. The metamaterial with 30° angle shows part of sequential buckling until step three and a global shearing
mode comes after that.

Supplementary Video 7: Metamaterials with high density of line mode. We modify the unit cell with a single
line mode to a unit cell with two line modes within a similar volume. This new line-mode unit cell allows the design
of a metamaterial with more steps of buckling and larger compressing stroke. We demonstrate a metamaterial with
10 line modes showing 10 steps of buckling under compression with a speed of 0.1 m/s.

Supplementary Video 8: Metacrashcan. We generalize the yield buckling into beam architectures which show
the same negative buckling stiffness and six-step sequential buckling in a six-layer beam structure as the pairs of
rotating squares in Supplementary Video 2. The multi-layer beam structure can be revolved into a metacrashcan. We
experimentally prove it in a metacrashcan with 12 buckling layers with aspect ratio ¢/¢ = 0.1 and showcase a 12-step
sequential buckling corresponding to a stabilized force plateau over a large stroke until 0.522. We then demonstrate
that an even larger stroke with 0.72 can be achieved with a smaller aspect ratio t/¢ = 0.03 in a five-layer metacrashcan.
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