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CHAPTER 6

Summary and Outlook

Natural materials like bone and wood exhibit superior mechanical performance
because of their unique internal structures. Human-made materials explore simi-
lar concepts in mechanical metamaterials, leading to various remarkable properties,
including a negative Poisson’s ratio, nonreciprocity, multistability, and sequential
deformations. These functionalities have primarily been designed by carefully struc-
tured internal architectures rather than their material composition. However fruit-
ful, this approach has been limited. For instance, it has been very hard to create
metamaterials with high stiffness—to carry loads—and high energy dissipation—to
absorb shocks and vibrations. One can therefore ask the question: How can we use
material properties to enhance the performance of metamaterials and explore new
properties? In this thesis, we have tried to answer this question by exploring one of
the most common properties of materials—their plasticity, a property that used to
be treated as a failure to be avoided. More specifically, in this thesis we embraced
plasticity in combination with buckling instability and established it as a new design
tool for sequential metamaterials with superior performances of load bearing and
energy dissipation. This represents a paradigm shift for metamaterial design.

In Chapter 2, we explored the interplay between plasticity and buckling in a
metamaterial unit cell. We introduced the concept of yield buckling by striking a
delicate balance between geometry and plasticity. We found that only yield buckling
enables a strictly negative stiffness at the onset of buckling. We achieved sequential
deformations with a large number of buckling orders with the combination of yield
bucking and self-contact. The sequential yield buckling in metamaterials combines
high stiffness, strength, and energy dissipation simultaneously and thus can be used
as an ideal shock absorber.



6

122 6. SUMMARY AND OUTLOOK

Buckling order tuned in elastic sequential metamaterials mainly relies on the
geometrical design. In Chapter 3, we explored the buckling order of metamaterials
in the yield buckling regime and its distinction from elastic and plastic buckling. We
found that the yield area, yield criterion, and work hardening with loading history
can effectively tune the yield buckling load and yield buckling order in metamaterials.

In Chapter 4, we introduced a combinatorial approach with triangular building
blocks to create metamaterials with an arbitrarily large number of floppy modes and
frustrated loops with specific curvatures and shapes. We demonstrated that curved
floppy modes can be sequentially buckled using the concept of yield buckling. The
frustrated loops can be used to achieve matrix-vector multiplication and hence pave
the way towards mechanical computing in materia.

The sequential deformations we have studied from Chapter 2 to Chapter 4
are mainly compressive. In Chapter 5, we explored a self-folding behaviour in
a stretchable kirigami with plasticity and loading history. We demonstrated that
a kirigami unit cell with a single pattern of cuts can fold into three distinct con-
figurations with highly tunable mechanical performances by changing the loading
history. We expanded the self-folding behaviours from a single kirigami unit cell to
two-dimensional kirigami metamaterials with multiple morphing shapes selected by
multiple loading cycles.

We have introduced sequential deformations in various metamaterial architec-
tures, ranging from simple pairs of rotating-square and beam structures to combi-
natorial metamaterials and kirigami, under different loading conditions, including
compression, stretching, and cyclic loading. The buckling layers in these metama-
terials are separated by rigid plates, square blocks, or rigid loops, and the buckling
behaviour of each layer is independent of each other. However, some interesting
questions and phenomena may arise from plasticity when the buckling layers of unit
cells in metamaterials are coupled. One of the simplest examples that exhibit the
coupling of each unit cell is the rotating-squares metamaterial (Fig. 1.1a). The
rotating-squares unit cell in metamaterials has two phases of deformation: open and
closed. When the metamaterials are made from hyperelastic materials and under
a uniform compression, they exhibit a global buckling where all squares rotate si-
multaneously until they all reach the closed phase [13, 15, 47] (Fig. 1.1a). However,
a remarkable phenomenon—a phase-transforming wave—appears when plasticity is
introduced in such coupled metamaterials.
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We experimentally demonstrate such a phenomenon in 3D “rotating-squares”
metamaterials. In the first design, we couple eight octahedrons with ligaments at
the vertex as a unit cell (termed mechanical perovskite, Fig. 6.1a Phase I). The
mechanical perovskite exhibits three phases (Fig. 6.1a). One can achieve Phase II
by playing a compression where all octahedrons from Phase I rotate along the vertex
and enter into contact with their edges (Fig. 6.1a Phase II). As the compression
increases, one can reach Phase III, where the octahedrons rotate along the edges and
enter into contact with their faces (Fig. 6.1a Phase III). We design a metamaterial
of 8 × 8 × 24 octahedrons and 3D print it with 316L stainless steel (Fig. 6.1b).
Under a quasi-static uniform compression, the metamaterial first shows a uniform
plastic deformation at all the ligaments in the loading direction until a buckling
load is reached at a stroke of u/L = 0.05. Surprisingly, the coupled octahedrons in
the metamaterial do not show simultaneous buckling because of coupling; instead,
they exhibit a localisation and a domain wall between Phase I and II at the top
boundary (Fig. 6.1b). This localisation comes from the negative stiffness at the
onset of buckling (Fig. 6.1c). As the compression increases, the domain wall travels
from the initial localisation to the rest of the metamaterial until all the octahedrons
reach edge contact and the metamaterial reaches Phase II at a stroke of u/L =

0.29 (Fig. 6.1b). The metamaterial gets more condensed and stiffened in Phase II
and buckles in higher load at a stroke of u/L = 0.32. A second localisation and
domain wall between Phase II and Phase III appears and travels from the top to the
bottom as a further compression until all the octahedrons reach face contact and the
metamaterial reaches Phase III at a stroke of u/L = 0.41.

Similar phase-transforming waves are also found in a metamaterial with hex-
ahedrons, where a larger compressive stroke can be achieved from this configura-
tion (Fig. 6.1d-f). Unlike the sequential metamaterials in the above chapters, the
force in the coupled metamaterials maintains a relatively low plateau in postbuck-
ling and cannot return multiple times to the initial buckling load. This is because
the mechanism of deformation changes from stretch-dominated before localisation
to bending-dominated after localisation. Unlike existing metamaterials with transi-
tion waves [27, 64] which occur in snap-through structures and exhibit kinks with
integer topological charges; our metamaterials have exhibited kinks with fractional
topological charges, which are a much more rare type of nonlinear excitation.

Many other questions are open for further work: how do we theoretically de-



6

124 6. SUMMARY AND OUTLOOK

Figure 6.1: Phase transforming metamaterial with plasticity. a, A 3D unit cell consisting
of eight octahedrons and connected ligaments exhibits three phases under compression. b,
snapshots of a metamaterial of 8 × 8 × 24 octahedrons at selected compressive strokes. c,
Corresponding stress stroke curve. d, A 3D unit cell consisting of eight octahedrons and
connected ligaments exhibits three phases under compression. e, snapshots of a metamaterial
of 8× 8× 24 octahedrons at selected compressive strokes. f, Corresponding stress stroke curve.

scribe such domain walls with plasticity? How are the domain walls’ width and speed
affected by the unit cell’s geometry, the number of unit cells, and material plasticity?
How do the defects in the metamaterials affect the phase transformation? Can we
engineer the shape of the domain wall? Another direction worth further exploring
is the effect of loading history in coupled metamaterials.

In the above chapters, we demonstrated how plasticity-induced loading history
can serve as mechanical memory in independent buckling unit cells, enabling multiple
responses. In Chapter 2, we explored how the work hardening of the base material
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in buckling unit cells can be used to tune the buckling load and buckling order with
the loading history. In Chapter 5, we used the loading history in a kirigami unit
cell to create multiple morphing shapes from a single pattern of cuts. Here, we use a
simple case to further demonstrate that the loading history of plasticity in coupled
metamaterials can lead to various intriguing functions. We merge the properties of
rotating-squares metamaterials and kirigami to create a stretchable beam made of
assembled 3D-printed rotating squares and laser-cut steel ligaments (Fig. 3.11a).

In the first experiment, we first apply a 4% of stretching stroke to a stretchable
beam of 2 × 20 squares before compression where all squares rotate simultaneously
and the ligaments plastify during rotation (Fig. 6.2). During the compression pro-
cess, the beam first exhibits global buckling at a compressive stroke of 7.9%. As the
compression increases, surprisingly, the buckled beam does not continue to deflect
as most buckled beams do; instead, it shows anti-buckling and straightens itself at
a stroke of 9.5% (Fig. 6.2a). This anti-buckling behaviour in the stretchable beam
is the consequence of the stiffening at the concave side of the beam. Such behaviour
has been reported in superelastic shape memory alloy columns where the stiffening
at the concave side comes from a material phase transforming from an Austenite to
a detwinned Martensite [145, 146] and also in wrinkling of elastic sheets under ten-
sion [147]. However, the stiffening in our stretchable beam comes from a self-contact.
In another experiment, we apply a much higher stretch of 26.4% to a stretchable
beam of 2 × 16 squares before compression. Instead of showing buckling and anti-
buckling under compression, this overstretched beam shows a localisation at the
bottom and a travelling domain wall from the bottom to the top as the compression
increases (Fig. 6.2b). Some other questions remain for exploration in future work:
What defines the boundaries between continuous buckling, anti-buckling, and phase
transformation in the stretchable beam? How do the size of the unit cell, the slen-
derness of the beam, and the stretch stroke affect boundaries? For multiple loading
cycles, how do fatigue and shakedown of plasticity affect the compressive behaviours
of the stretchable beam?
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Figure 6.2: Stretchable beams with loading history. a, Snapshots of a stretchable beam
consisting of 2×20 rotating squares and laser-cut steel ligaments at 4% stretch and compression.
b, Snapshots of a stretchable beam consisting of 2 × 16 rotating squares and laser-cut steel
ligaments at 26.4% stretch and compression.




