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ABSTRACT

Owing to extensive potential applications in various engineering areas, the multistable metamaterials with
remarkable mechanical properties have gained increasing interest from both academia and industry recently.
However, the functionality of existing multistable metamaterials is hard to adjust once fabricated. To overcome
the limitation, in this paper, we propose an idea of modular multistable metamaterial (MMM) with reprog-
rammable mechanical properties, which is assembled by unit cells with tunable snap-through behaviours. The
unit cell is made by a dismountable bar and a fixed frame containing two bistable curved beams. By inserting the
bar with different length into the frame, we can change the shape of curved beams and therefore tune the snap-
through behaviour of the unit cell, which lies the foundation of its tunable multistabilities. We evaluate these
tunabilities of geometry and mechanical properties of single unit cell by employing theoretical analyses and
validate them by numerical simulations. The obtained quantitative results provide us the design guide for
assembling of the MMM. We fabricate a certain number of components by 3D printing and assemble them as a
unidirectional MMM to examine its reprogrammable macroscopic mechanical behaviours. We firstly investigate
the tunable load-displacement responses experimentally and numerically; and then explore the tunable
bandgaps through numerical simulations. Finally, we demonstrate the broader possibilities of assembly to form
bi- and tri-directional, as well as gradient MMMs. The results presented in this paper have great significance for
the design of modular metamaterials and expanding their application prospects in engineering structures.

1. Introduction

properties, such as shape-morphing, flexibility, tunable Poisson’s ratio,
tunable stiffness and multi-stability [14-16] can be possessed by engi-

Metamaterials are a group of artificial structures or materials con-
structed by rationally designed building blocks to achieve unusual
physical properties not available in natural materials [1]. More
crucially, those extraordinary macroscopic properties originate from the
microstructural units rather than the material components, which is
intrinsically different from conventional engineering materials, and
therefore provide us new design schemes for manipulating properties of
functional materials at a larger extent [2]. Since the concept of meta-
material’ is proposed around two decades ago, metamaterials with
various extraordinary properties are increasingly studied over the years,
including photonic [3,4], acoustic [5,6], electromagnetic [7], thermal
[8,9] and mechanical [10-13] metamaterials.

In mechanical metamaterials, unique and programmable mechanical
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neering their microstructures precisely. As a typical example among
those novel architected materials, multistable metamaterials have
multiple stable configurations, which render them attractive and rich in
various nonlinear behaviours [17], and have been widely studied for
their reversible mechanical properties [18-25]. They have been
confirmed with excellent abilities of performing large recoverable de-
formations and achieving notable vibration isolation and energy dissi-
pation through trapping elastic energy in their stable deformed
configurations in response to the external loading [26,27]. These ad-
vantages promise the potential applications of multistable meta-
materials in a wide range of civil engineering applications, including
vibration isolation, collision prevention and seismic waveguide, etc
[28].
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Fig. 1. Schematic diagram of the construction of modular multistable metamaterial (MMM): (a) A MMM with m x n unit cells together with the schematic of a
horizontal and a vertical connecting rod; (b) Oblique view and (c) Front view together with geometric parameters of the single unit cell (left: the variable-width bi-

beams frame; and right: the M-bar).

The basic units for constructing multistable metamaterials normally
behave bistable, i.e., there are two stable configurations for each unit
cell. The sudden transition from one configuration to the other once the
applied load reaches a threshold can be referred to as a snap-through
buckling instability [29-32]. One of the simplest structures exhibiting
bistability is a curved elastic beam, which could be either intrinsically
curved or be formed by axially compressing a straight beam. The pio-
neering theoretical model to analyse the bistable behaviour of an
initially curved beam was developed by Qiu et al. [33], and it revealed
that the critical condition for the bistability of the initially curved beam
only depends on its height-to-thickness ratio once the second mode is
eliminated.

Taking advantages of the elastic snap-through of initially curved
beams, Restrepo et al. [18] introduced the concept of phase trans-
formation into periodic cellular structures consisting of unit cells with
multiple stable configurations. In the meantime, Rafsanjani et al. [20]
embedded the snap-through buckling into multistable metamaterials
under tension. Shan et al. [22] designed multistable metamaterial that
performs controlled trapping of elastic energy for impact by using
bistable tilted beams. All of these developments raise up the emergence
of studies on multistable metamaterials. As typical examples, inspired by
geometric motifs in ancient architectures, Rafsanjani and Pasini [34]
designed a class of switchable architected materials exhibiting aux-
eticity and bistability simultaneously. More recently, Zhang et al. [35]
and Yang and Ma [36,37] proposed a series of 2D and 3D multistable
metamaterials with zero Poisson’s ratio and negative stiffness, which
exhibit improved mechanical behaviours, such as enhanced energy ab-
sorption and strengthened structural reliability. In addition, multistable
metamaterials also demonstrated anomalous dispersion characteristics,
which provide ability of elastic wave manipulation and vibration
isolation. For example, Wang et al. [38] and Ren et al. [39] demon-
strated that the multistable metamaterials can be harnessed for tuning
bandgaps. More works about the multistable metamaterials are sum-
marized in the comprehensive review papers [14,40].

All the aforementioned results demonstrated that multistable meta-
materials have huge application prospects in engineering and science.
However, the predetermined functionality of multistable metamaterials
normally cannot be altered once fabricated. Recently, several pre-
liminary attempts have been presented. For example, several multistable
metamaterials with tunable mechanical responses through controlling
the external stimuli, such as lateral confinement [41], gas pressure [42],

environment temperature [43,44] and magnetic interaction [45], have
been presented. Although the properties of those multistable meta-ma-
terials can be tuned after fabrication, the tuned behaviours cannot be
maintained once the external stimuli are removed. To overcome this
challenge, a modular multistable meta-material (MMM) with reprog-
rammable mechanical properties is proposed in this paper by assembling
elaborately designed unit cells with the tunable mutistable mechanism.
The tunable unit cell is composed by a bi-beams frame with variable
width and a middle-bar (M-bar). A theoretical model is developed to
describe the tunable geometric and mechanical properties of the unit
cell, and it is validated by finite element method (FEM) simulations.
Furthermore, FEM simulations and experimental tests combined with
3D printing are used to analyse the reprogrammable mechanical prop-
erties, i.e., load-displacement responses and tunable bandgaps, of the
assembled MMMs. The proposed MMMs are promising to realize reus-
able, portable and tunable energy absorbers in many fields, especially in
civil engineering, protecting delicate objects during piling on different
geologies.

2. Design and fabrication of MMM

Fig. 1 shows the schematic diagram of the construction of the pro-
posed modular multistable metamaterial (MMM) with m x n unit cells
(building blocks), where m and n are the number of unit cells in the
horizontal and vertical directions, respectively. These unit cells are
connected by horizontal and vertical rigid connecting rods (see Fig. 1
(a)). The unit cell consisting of a frame with two curved beams together
with a slot in the middle (we refer it as bi-beams frame, see the yellow
part) and a rigid middle-bar (M-bar, see the gray part, which can be
inserted into the slot) is presented in Fig. 1(b) and (c), corresponding to
the oblique and front views, respectively. Fig. 1(c) also illustrates the
main geometric parameters of the bi-beams frame and the M-bar. Two
curved beams within the frame have the same height hy and thickness t.
H; and W, are the total height and width of the bi-beams frame,
respectively, which can be varied by inserting the M-bar with different
length Iy —5l. B is the out-of-plane thickness (or depth) of the frame.
Except for these two curved beams, the rest parts of the bi-beams frame
and the M-bar can be considered as rigid when subjecting external load
since their thicknesses are much larger than t. We also introduced the
connecting platform with length c located in the middle of the curved
beam (see the red part in Fig. 1(c)), which is able to constrain the second
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Table 1

Geometrical parameters used (unit: mm).
H, H Hy ho t T W, w c 1 lp
78 46 20 5 1 6 67 25 5 50 49

buckling mode mechanically when the curved beam snaps from one
configuration to another [36].

All the components, including the bi-beam frame, the M-bar and the
horizontal and vertical connecting rods, are fabricated through additive
manufacturing (3D printing). The geometries (CAD model) of the prin-
ted structures are created by SolidWorks. The bi-beams frames are
printed with thermoplastic polyurethane (TPU with Young’s modulus E
= 180 MPa) using Fused Deposition Modeling (FDM) technology (HORI
H1, Beijing Huitianwei Technology Co., Ltd., China). Nylon 7100 (with
E = 1.0 GPa) is chosen for printing the connecting rods and M-bars
through Selective Laser Sintering (SLS) technology (WeNext Technology
Co., Ltd, China). Since Nylon 7100 is much stiffer than TPU, the con-
necting rods and M-bars can be considered as rigid. Three different
lengths of the M-bars [y —6l (6l = 0, 2, 4 mm) are considered. The
detailed geometrical parameters for the specimens are given in Table 1.

Previous works have indicated that the key parameter for describing
the mechanical behaviours, especially the threshold of bistability and
the load—-displacement relationship, of the curved beam is the height-to-
thickness ratio Q = hy/t [33]. For the unit cell proposed here, when
inserting a M-bar with length [y —5l which is shorter than original length
of the slot built-in the bi-beams frame [y, the height of two curved beams
changes synchronously and equally. Hence, the height-to-thickness ratio
Q is varied accordingly, and therefore, both the geometry and me-
chanical response of the unit cell can be tuned. Assembling these tunable
unit cells with horizontal and vertical connecting rods, MMMs with
programmable mechanical properties can be formed, as shown in Fig. 1
(a).

It is noted that the snap-through behaviours of the bistable curved
beam accompany with large recoverable deformation along vertical
direction, zero horizontal displacement, as well as negative stiffness
under displacement control [33]. Hence, the MMM assembled by the
designed unit cells can achieve multistability, zero Poisson’s ratio and
negative stiffness simultaneously. As the multiple metamaterial prop-
erties of the MMMs significantly depend on the snap-through behav-
iours, we shall start to focus on the mechanical behaviours of the single
unit cell; and then investigate the macroscopic (effective) mechanical
properties of the assembled MMM in the following sections via theo-
retical analysis, FEM simulations and physical experiments.

3. Numerical and experimental methods
3.1. The FEM simulations

FEM simulations are performed using the ABAQUS Explicit to anal-
yse the mechanical behaviours of the proposed curved beams, unit cells
and MMMs. The geometries and physical parameters of FEM models are
in accordance with the experimental specimens. Neo-Hookean hypere-
lastic (C10 = 30.29, D19 = 0.00025) and linear elastic (E =1 GPa, y =
0.3) constitutive models are adopted for the bi-beams frames and M-
bars, respectively. The geometric nonlinearity is considered, and the
models are meshed with 8-node reduced integration solid elements
(C3D8R). To ensure the computational accuracy, mesh sensitivity ana-
lyses are carried out for the snap-through behaviour of a curved beam,
which is fixed at two ends and subjected to a normal load at the central
part. As shown in Fig. Al in Appendix A, mesh size 0.50 mm is enough
for the calculation accuracy. Hence, we adopt it for all the simulations.

To simulate the deformation of unit cells, the “Tie” function is used to
describe the connections between the M-bar and the bi-beams frame.
Changing length of the M-bar is realised by introducing orthotropic
thermal expansion coefficients (a;; = 0.1/ °C and aaz = a3z = 0) for
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the M-bar; whilst other parts in the model are insensitive to temperature
change. The variations of the length, 6l = 0, 2 and 4 mm, are achieved
by changing the temperature with AT = 0, -0.41 and -0.82 °C. For the
deformation behaviours of the MMM, taking the case with 6/ = 4 as an
example, two steps are introduced in the simulation: in the first step, the
temperature change of AT = —0.82°C is applied to shorten the length of
the M-bar to the certain value, [y —5l; in the second step, the bottom edge
of the MMM is fixed, and the vertical displacement is applied to the top
edge of the MMM through a reference point while fixing horizontal
displacement as zero (see Movie S1 in Supporting Information for more
details).

3.2. The experimental tests

Similar to the illustration in Fig. 1(a), as a typical example, the MMM
with 5 x 3 unit cells can be assembled by the horizontal and vertical
rigid connecting rods (details of the assembling process can be found in
Movie S2 in the Supporting Information). The Zwick Z005 testing ma-
chine is used to measure the macroscopic mechanical behaviours, more
specifically, the load-displacement (f-d) responses, of the assembled
MMMs inserted with M-bar with different lengths (5I=0, 2 and 4 mm)
according to the central uniaxial tensile tests. The displacement load is
applied at a rate 5 mm/min (ensuring a quasi-static loading, see Movie
S3 in Supporting Information) and stopped when all the curved beams
snapped. We need to note here that we only replace the M-bars but keep
using the same bi-beam frame when we measure the MMMs with
different 8l to investigate the reprogrammable mechanical properties of
the proposed MMMs. Besides, we also quantify the mechanical proper-
ties of the 3D-printed TPU through the tensile test of the dumbbell
specimens according to the standard ASTM D412-16. The Young’s
modulus is measured as E = 180 MPa.

4. Tunable mechanical behaviours of single unit cell
4.1. The curved beam

4.1.1. The geometric property

The mechanical behaviours of the unit cell are highly depending on
its geometric parameters. More particularly, they are determined by the
geometry of the curved beam within the bi-beams frame. Considering
one curved beam within the bi-beams frame (see Fig. 1(c)) and ignoring
the connecting platform, its shape can be given by [33]

and the arc-length of the curved beam can be expressed as

_ ! dWo 2 ! 1 dWO 2
507/0”1+(E)dx’v/0 1+§<E> dx 2)

It is assumed that the varying width 5l of the bi-beams frame only
affects the height h = hg +6h of the curved beam but has no influence on
its shape and the arc-length. The resulted shape and arc-length of the
curved beam can be written as

hy + 6h 27mx
= - 1 —cos| —— -
w 5 { C0S<l—5l>} , x€e[0,1-4] 3)
and
=l dW 2 [—51 1 dW 2
Let
s =50 5)

the variation of the height sh and the height-to-thickness ratio Q =
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Fig. 2. Tunable geometric properties and mutistable mechanism of the curved beam: (a) Effect of varying width of bi-beams frame (5I) on the variation of height (sh)
and the corresponding height-to-thickness ratio (Q) of curved beams; and (b) normal load-displacement (f-d) curves for one of the curved beams with different widths

of bi-beams frames (ly —5l).
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Fig. 3. Tunable snap-through behaviour of the single unit cell: (a) f-d curves for single unit cell with different values of §l, and snapshots of the corresponding stable
configurations for the case with 6l = 4; (b) variations of the threshold load f.- and the total displacement D as a function of the normalized width of unit cell 6l/l,.

(ho + 6h)/t caused by the change in width &l of the bi-beams frame can
be calculated. The corresponding results for the curved beam with [ =
50mm, ¢ = 5mm, hy = 5mm and ¢t = 1mm are given in Fig. 2(a). As a
comparison, results obtained from FEM simulations are also included in
Fig. 2(a). It shows that the adjustments of both 6h and Q corresponding
to 8l can be predicted accurately by the theoretical model.

4.1.2. The mutistable mechanism

For an intrinsically curved beam with clamped-clamped boundaries,
there are two stable states (configurations) when the height-to-thickness
ratio satisfies Q > 2.31 [33]; Otherwise, the second state is unstable.
Since the main propose of this work is to consider the multistable met-
amaterial by using the curved beam as a fundamental component, we
shall focus on the bistable situation. For a bistable curved beam sub-
jected to a normal load, f, at the central point (or alternatively the
displacement load, d, which corresponds to the reaction force f), it can
switch to the second stable configuration from its original configuration
(naturally stable) via snap-through buckling when the load reaches the
threshold f,,.

Qiu et al. [33] indicated that the load—displacement (f-d) curve of a

curved beam during the snap-through transition has both positive and
negative stiffness stages. When the second mode is constrained, by
normalizing the normal load and the displacement as F = fi° /(EIh) and
A = d/h respectively, their relationship can be obtained [33] as

3t Q? 3 1 4 3 1 4
Py 2 A<Az* 43¢><Az\/4sgz> ©)

81t — 61*A

It is worth noting here that the normalized force-displacement (F-A)
curve is a hybrid curve that switches between curves given by two
subformulas in Eq. (6). More specifically, in the full range of loading (i.e.
0 < A < 2, which is corresponding to 0 < d < 2 h), the first subformula
describes the two sections with positive stiffness at both ends of the F-A
curve, which depends on the height-to-thickness ratio Q, and the second
subformula predicts a straight line connecting those two sections [33],
as shown in Fig. 2(b). Therefore, the snap-through behaviour of the
curved beam is directly related to Q. By changing the width of the bi-
beams frame, which can be realized by inserting a M-bar with length
Iy —6l, curved beams within the unit cell are stressed, and the height-to-
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Fig. 4. Reprogrammable mechanical properties of MMMs: Snapshots of (a) the fully folded state and (b) the fully deployed state for the assembled MMM (with 5 x 3
unit cells) with 6l = 0 in both experiments and FEM simulations; (c) f-d curves for the MMM with different values of l; and (d) Critical load f., and the total
displacement D of the MMM as a function of the normalized width of the unit cell l/y.
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Fig. 6. Additional assembling arrangements of MMMs. (a) Bi-directional, (b) Gradient and (c) Tri-directional MMMs.

thickness ratio Q varies correspondingly (Fig. 2(a)), which results in the
variation of the relationship between F and A.

According to the normalization implemented before, the dimen-
sional values of the normal load and the displacement can be obtained as
f =F-EIh/P and d = A-h, respectively. Obviously, the values of f and
d for the unit cells can also be obtained through Eq. (6). Fig. 2(b) pre-
sents the effect of changing 8l on the f-d curves of the curved beams. One
can clearly see that the f-d relationship strongly depends on the value of
8l. We can expect that the macroscopic mechanical properties of MMMs
can be programmed by assembling multiple unit cells inserted with M-
bars of particular length in a desired arrangement. More importantly,
the M-bar is dismountable, which indicates that we can reprogram the
macroscopic properties of the MMM by replacing M-bars with different
lengths.

It is worth noting that the theoretical result given by Eq. (6) is
essentially geometrical: the normalized normal load F only depends on
the normalized displacement A, and there is no prestress (i.e. the re-
sidual stress generated in the assembly process) involved in — this is
only exact for the preformed beam with intrinsic curvature. For those
cases we present here, the stress-free condition satisfies just for the case
with §l = 0. However, when we change the width of the bi-beams frame
by 6l > 0, the curved beams within the bi-beams frame will be stressed,
and larger 6l corresponds to larger prestress.

To evaluate the effect of prestress on the mechanical response of the
curved beam, we introduce the prestress into curved beams by com-
pressing them to change their length by 6l in FEM simulations, which
corresponds to the shape-change induced in the assembly process of
inserting the M-bar with length [, —6l into the bi-beams frame. There-
fore, the prestress has been embedded into the generated curved beams
with different 51, and the corresponding f-d relationships are measured,
as shown in Fig. 2(b) by solid symbols. For comparison, we also measure
the f-d relationships of curved beams with the same shape (as pre-
formed) but without prestress in FEM simulations (the corresponding
FEM models with 5l = 4 are presented in Fig. A2 in Appendix A). The
results are shown in Fig. 2(b) by hollow symbols. For the same &I, one
can find that there is minor difference between FEM results with and

without prestress. It indicates that the effect of prestress on the snap-
through behaviour is minor and can be ignored for those cases we are
considering here.

Besides, there are some differences between the theoretical and FEM
results in Fig. 2(b), which increase with the increase of §l, i.e., the
decreasing length of the curved beam. The theoretical analyses used
here are referred to Qiu et al. [33], in which the curved beam is treated
as a Euler beam. Actually, even though the curved beam has a small
thickness, it behaves more like a Timoshenko beam as its length isn’t
large enough and the shear deformation is non-negligible. The differ-
ences here are partly introduced by the difference between the Euler
theory and the Timoshenko theory. It is also illustrated by Hua et al. [46]
that increasing the length of the curved beam can reduce the differences
between the theoretical and FEM results. Although the differences exist,
the snap-through behaviours of the curved beam and its tunability can
be predicted by Eq. with acceptable error once the corresponding
height-to-thickness ratio Q is calculated from Eq. with a certain 6. Now
we shall move on to investigate the mechanical behaviours of unit cells.

4.2. The unit cell

The results in Section 4.1 indicate that the mechanical behaviours of
the single unit cell can be tuned by changing the width of the bi-beams
frame. It can be experimentally realized by inserting M-bar with
different length Iy —5l, as presented in Section 3.2; and numerically
mimicked by setting orthotropic thermal expansion of the M-bar in FEM
simulation, see Section 3.1 for more details. The f-d curves of unit cells
with inserted M-bar of varying length in FEM simulations are plotted in
Fig. 3(a). Obviously, the multistable response of unit cells can be
significantly modulated by using M-bars with different lengths. Each
curve has three stages with positive stiffness, corresponding to three
states of the unit cell, i.e., (i) the fully folded state, (ii) the partially
deployed state and (iii) the fully deployed state. The corresponding
configurations of those states are shown in the insert of Fig. 3(a).

Comparing the f-d curves of unit cells with different 5, we can find
that both the threshold of the normal load f., for the first snap-through
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buckling of the single unit cell and the total displacement D for the single
unit cell deforming from state (i) to state (iii) are significantly tuned by
changing 6. The measured values of f., and D for unit cells inserted M-
bar with different lengths are plotted as a function of the normalized
varying width 6l/ly by symbols in Fig. 3(b), which agree well with the
theoretical predictions (i.e., the corresponding solid and dash lines).
Quantitatively, for the length of M-bar varies only 8%, the increases of
fer and D can be achieved by 115% and 105%, respectively. These results
are impressive and indicate that mechanical behaviours of unit cell are
tunable and reprogrammable. Now we shall move on to consider the
macroscopic properties of MMM assembled with multiple unit cells.

5. Reprogrammable mechanical properties of MMMs

As we have shown in Section 4 that the mechanical properties of
single units are tunable, the macroscopic mechanical properties of
MMMs are expected to be programmed by assembling multiple unit cells
with the dismountable M-bars in a particular arrangement. We
demonstrate the reprogrammable mechanical properties of the proposed
MMMs in detailed below.

5.1. The load-displacement responses

According to the central uniaxial tensile tests (from the original
configuration (fully folded state) with 6 = 0 as shown in Fig. 4(a) to all
the fully deployed state in Fig. 4(b), see Section 3.2 for details), the f-
d curves of MMMs inserting with M-bars of different lengths (6=0, 2 and
4 mm) are plotted in Fig. 4(c) by using solid symbols. It is seen that the f-
d curves can be significantly modulated by choosing M-bars with
different length, which indicates that the MMMs are reprogrammable
for desired mechanical properties. The f-d relationships for the cases
with different values of §l obtained from FEM simulations (see Section
3.1 for details) are plotted in Fig. 4(c) by solid lines. It is clearly seen that
the FEM simulation results agree with the experimental results quali-
tatively well. These f-d curves for MMMs with different 6l also indicate
that the threshold load of snap-through buckling, f.,, as well as the total
displacement, D, are programmable by choosing M-bar with different
length. More quantitatively, we plot both the values of f, and D obtained
from FEM simulations as a function of 6l in Fig. 4(d). One can notice that
fer and D can be increased by 118% and 108%, respectively, for the
length of M-bar varies only 8%.

5.2. Tunable bandgaps for elastic waves

The proposed MMMs possess reprogrammable snap-through behav-
iours on the basis of configuration evolution induced by replacing M-bar
with different lengths. Because of the tunability of geometric configu-
rations and correspondingly generated pre-stress, the MMMs show the
potential capability of manipulating elastic waves and vibration isola-
tion [38,39]. As the aforementioned MMM is multistable along and only
along the vertical direction, it is referred as unidirectional MMM. We
choose the unidirectional MMM (see Fig. 5(a)) as an example to inves-
tigate the manipulation of its band structures of waves propagating by
changing their states from fully folded to fully deployed; and/or
replacing M-bars with different length Ip —6L.

The Solid Mechanics module of COMSOL Multiphysics is employed
to analyse the bandgap structures of the unit cells with different 5. Both
the fully folded state and the fully deployed state are considered. The
geometric models of the fully folded state are obtained from ABAQUS
Explicit and imported into COMSOL directly; while the fully deployed
geometric models are obtained through applying tension to the fully
folded state by adding a load step before calculating the band structure.
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Floquet periodic boundary is applied to the unit cell. The densities of
TPU and nylon 7100 are 1250 Kg/m® and 1000 Kg/m®, respectively.
Taking the fully folded unit cell with 5l = 0 as an example, according to
the periodic distribution of microstructures, the basic lattice vectors of
the proposed MMM are defined as (a;, az), which are corresponding to
the unit cell of the MMM, as shown in Fig. 5(a), which can characterize
the direct lattice. The first Brillouin zone is defined by the reciprocal
lattice vectors (ky, ky), and the irreducible Brillouin zone (IBZ) is marked
by red arrows in Fig. 5(b), departing from Y, going through I', X and M
successively, and finally back to Y. The dispersion relation can be
computed in the reciprocal space by varying wave number k along the
first Brillouin Zone.

Since the MMMs we considered here are unidirectional, the waves
propagating along the vertical direction is dominance. We calculate the
band structures of MMMs with different 5l along the vertical direction.
The band structures of fully folded states (see (i)-(iii) in Fig. 5(c)) and
fully deployed states ((iv)-(vi) in Fig. 5(c)) of the MMMs with 6l = 0, 2
and 4 mm are plotted. As we can see from Fig. 5(c), the band structures
of the MMM can be visibly adjusted by either controlling the states (from
folded state to deployed state) or changing the geometries (by inserting
M-bars with different lengths).

6. Additional assembling arrangements of MMMs

Until now, the reprogrammable mechanical properties of the pro-
posed MMM are illustrated and validated systematically. It can be ex-
pected naturally that, apart from the unidirectional MMM presented
above, the designed unit cells can be assembled in more plentiful ways to
form multistable metamaterials performing different mechanical prop-
erties in multi-directions and/or with gradient. Here we would
demonstrate several assembling arrangements as illustration.

As shown in Fig. 6(a), rotating the second and fourth columns of the
unit cells comparing with the unidirectional MMM (see Fig. 1(a)), the
resulting structure will behave with tunable mechanical properties
along both horizontal and vertical directions, which can be referred as
bi-directional MMM. In addition, a gradient MMM can be obtained by
inserting M-bars with different lengths in different rows of unit cells (see
Fig. 6(b)). It is expected that the load—displacement curve of the gradient
MMM will vary stepwise. It is worth noting that introducing M-bars with
different lengths into the bi-directional (Fig. 6(a)) MMMs can also
achieve aperiodic structures with nonuniform load-displacement curves
along two different directions. Both these two MMMs are orthogonal and
assembled with straight connecting rods. Connecting unit cells with
circular rings as shown in Fig. 6(c), a nonorthogonal MMM containing
three axes of symmetry, namely tri-directional MMM, is assembled.

Obviously, except for the bi-directional, gradient, and tri-directional
MMMs proposed above, more complex orthogonal and nonorthogonal
MMMs can be formed with the rational designed unit cells to realize
more abundantly reprogrammable mechanical properties and bandgaps,
and hence develop the potential applications of the MMMs; we shall
leave a detailed analysis of the mechanical behaviours of those complex
MMMs for a future study.

7. Conclusion

To achieve the reprogrammable mechanical properties of multistable
metamaterials, we proposed an idea of modular structures by assem-
bling 3D printed components. More specifically, we designed the unit
cell consisting of a bi-beams frame and a M-Bar and with tunable snap-
through behaviours, in which the width of the bi-beams frame can be
adjusted by inserting M-bar with different length. MMMs were formed
through assembling unit cells by connecting rods. Both theoretical
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analyses and FEM simulations are adopted to explore the tunable mul-
tistable mechanism of the unit cell. The effects of M-bars with different
lengths on the load—-displacement curves and bandgaps of the assembled
MMNMs are investigated through FEM simulations and experimental tests
combined with 3D printing. Main conclusions can be obtained as bellow:

(1) The multistable behaviours of designed unit cell can be adjusted
by inserting M-bar with different length and predicted
theoretically.

(2) The effective mechanical properties (both the load-displacement
curves and the bandgaps of elastic wave) of assembled unidi-
rectional MMMs have been demonstrated as reprogrammable by
replacing M-bars with different lengths.

(3) In addition to the unidirectional MMM, the bi-directional, tri-
directional and gradient MMMs can also be assembled by con-
necting designed unit cells in different arrangements.
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Appendix A

Fig. Al and Fig. A2
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Fig. Al. (a) Effect of mesh size on the f-d relationship of the curved beam and (b) the FEM model (5l = 2) at different states with mesh size 0.50 mm.
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Fig. A2. The FEM model and deformation process of (a) the curved beam with 6l = 4, which is deformed from a stress-free state (with 6l = 0) and embedded with
prestress; and (b) the curved beam with the same shape as the case with 6l = 4 but without prestress.
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Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.engstruct.2022.114976.
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