Materials & Design 240 (2024) 112859

Contents lists available at ScienceDirect

materials
ESIGN

Materials & Design

materiastoday

journal homepage: www.elsevier.com/locate/matdes

ELSEVIER

Check for

Multi-stable metastructure with multi-layer and multi-degree of freedom: A  [%&s
numerical and experimental investigation

Shuangfeng Tan?, Diankun Pan®", Zhangming Wu "

@ Key Laboratory of Impact and Safety Engineering, Ministry Education of China, Ningbo University, Ningbo 315211, China
b School of Engineering, Cardiff University, Cardiff CF24 3AA, Wales, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: This paper proposes a family of multi-stable metastructures with multiple layers, which possess the capability of
Multi-stable multi-degree of freedom deformations. In its single layer, four preshaped beams connecting two frames are
Metastructure

employed as the main component for the design of multi-stable metastructures. Compared with the traditional
flat state obtained by axial compression when all beams snap through, four inclined stable states are easy to
trigger by lateral compression at a local position when two adjacent beams snap through. The transitions be-
tween these states are studied by both experiments and numerical simulation. The transition to inclined states
requires less energy than the transition to the flat state. Different trends of load-displacement responses are
associated with loading positions and transitions. A parametric analysis is performed to illustrate the relationship
between the stability of inclined states and critical parameters, such as span, apex height, and thickness. Two
types of hourglass double-layer units are designed and studied through experiments. The continuous transitions
in two steps or three steps are observed, and the load-displacement response is the accumulation of responses
from each single layer. At last, two multi-layer structures with multi-stability have been developed to demon-
strate their deformation capability in multiple directions through multiple steps.

Multi-layer
Preshaped Beam

1. Introduction

Mechanical metamaterials or metastructures exhibit unusual prop-
erties and functionalities that cannot be realized in conventional mate-
rials, such as negative stiffness, negative Posisson’s ratio, and negative
thermal expansion [1-4]. As an important branch of mechanical meta-
materials, negative stiffness metamaterials show promising potential for
application in energy absorption [5-7], vibration control [8,9],
deployable structure [10,11], energy harvesting [12-14], and soft ro-
botics [15,16].

The negative stiffness of the metamaterials or metastructures arises
from the arrangement and construction of certain unit cells, which could
be curved beams [17-19], origamis [20-22], composite laminates
[23,24] or compliant units [25-27]. The initial curved, double-clamped
beam exhibiting elastic instability is one of the most typical unit cells,
which is used to construct negative stiffness metamaterials or meta-
structures. According to the characteristics of the load-displacement
curves, the curved beam can be generally classified into two categories:
bi-stable and mono-stable. The bistable curved beam exhibiting snap-
through behavior can maintain its deformed shape, which corresponds
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to a local minimum elastic energy value, without requiring external
input energy. The monostable curved beam can self-recover to its orig-
inal shape once the external load is removed.

The curved beam generally has a sinusoidal or cosine shape, and a lot
of work has been done to obtain the criteria of bistability [28-30]. By
stacking bistable curved beams, the constructed metamaterials or met-
astructures exhibit multiple stability, which often enables a reversible
switching motion. Ren et al. [6] proposed a concept of buckling-based
negative stiffness lattice materials by adding prefabricated curved
beams into bidirectional or tridirectional rigid frames, which are able to
undergo multiaxial stress conditions. Hua et al. [7,31] investigated the
energy absorption ability of the multi-stable planar or cylindrical met-
astructure consisting of multiple unit cells formed by curved beams in
either planar or spatial configurations. Yang and Ma [32] investigated
the mechanical behaviors of two kinds of two-dimensional multi-stable
mechanical metamaterials, which consist of opposite or parallel curved
beams exhibiting elastic snap-through instability mechanisms. Tao et al.
[11] introduced the shape memory polymer in the construction of multi-
stable metamaterials, which can self-expand by heating. Chen et al. [33]
presented a novel multifunctional negative stiffness meta-structure with
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Fig. 1. (a) The geometry of a single layer; (b) The top view of the single layer; (c) The five stable states of the single layer; (d) The multi-stable metastructure

composed of multiple layers.

three layers that can achieve muli-stable or compressive mono-stable
properties for a single specimen at the same time. Giri and Mailen
[34] manipulated the snapping sequence of bistable lattices incorpo-
rated into cylindrical shells by adjusting the thickness of the pre-shaped
beams in each layer.

The use of origami units or compliant units provides another
important way to construct multi-stability and has been extensively
studied. Fang et al. [35] investigated the multi-stability characteristics of
a stacked origami cellular solid consisting of multiple Miura-ori sheets.
Haghpanah et al. [36] proposed a family of multi-stable shape-recon-
figurable architected materials based on a structural building block
encompassing living hinges. Wang et al. [37] built a theoretical model to
analyze the kinematics and mechanics of the unfolding motion of a
square-twist origami. Wickeler et al. [38] proposed a parameterized
design for the origami structure composed of interlocking triangles.
Furthermore, the bistable laminates are employed as design units to
extend the multi-stable design to the field of composite materials. The
multi-stable composite structures can be realized using thermally
induced composite structures [39-41], pre-stressed composite struc-
tures [42,43], and orthotropic composite structures with initial curva-
ture [44,45]. The above multi-stable structures present unique
advantages according to their component units and material properties,

and have different potential applications, such as the morphing struc-
ture exploited by multi-stable composite structures [46-48].
Compared to the multi-stable structures constructed by origami
units, compliant units, or bistable laminates, the multi-stable structures
composed of curved beams have more simplicity permits, such as rapid
application of established for mechanic analysis, performance evalua-
tion, and reliable fabrication. Most previous works of the multi-stable
structure constructed by curved beams mainly focused on the quasi-
static mechanical properties, especially in the situation of compressive
loading. As a result, only the multi-stabilities in the translational motion
have been studied. The deformation direction of metamaterials or
metastructures depends on the stacking direction of curved beam units,
whose deformation leads to planar motion. The deformations of multi-
layer metamaterials or metastructures in a planar translational direction
can meet the requirements for the applications of energy absorption or
vibration control. However, when metamaterials or metastructures are
applied for deployable structures or soft robotics, the deformation in a
single direction cannot meet the demands for flexible and spatial mo-
tions and actions. To enrich the reconfiguration capability of multi-
stable structures, Zhang et al. [49] investigated the rotational transi-
tions of the multi-stable beam-type metastructures, which consist of two
pre-shaped beams in parallel, and the resulting titled stable
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Fig. 2. (a) Three modes during the fused deposition process; (b) Strain-stress curves of TPU; (c) The experimental sample of the single layer.

configurations provide increased degrees of freedom for deformation.
Moreover, Zhang et al. [50] proposed a family of multi-stable structures
composed of prestress unit cells, which have tilted stable configurations
and level configurations. Inspired by Zhang’s works, we proposed a
family of multi-layer, multi-stable metastructures with multiple degrees
of freedom in this paper. The pre-shaped curved beams employed to be
the deformation elements are distributed spatially and connect two
frames to form a single layer that has the capability of bending and
stretching. After stacking several single layers of unit cells in the
transverse direction, a multi-stable meta-structure, which possesses
many postures, is obtained.

In this work, the basic mechanical properties of the proposed single
layer when it transits between different stable states are investigated,
and then the double-layer unit is proposed to explore the design space.
Next, two multi-stable structures with multiple layers are fabricated to
demonstrate the deformation ability. The remainder of this paper is
organized as follows: Section 2 describes the basic structural design, and
Sections 3 and 4 introduce the experiments and numerical method. The
results and discussion are listed in Section 5. At last, conclusions are
presented in Section 6.

2. Structural design

In this work, the proposed multi-stable metastructure is constructed
by multiple layers, and its single layer as the basic design unit de-
termines its mechanical properties. Fig. 1(a) demonstrates the basic
components of a single layer. Several pre-shaped beams acting as the
deformation components connect two frames, one with a circular shape
and the other with an octagonal shape, respectively. The shape of the
beam is described by a cosine function (y=1H/2cos(zx/S), [0, S1),
which is able to achieve a smooth snap-through transition before and
after large deformation. The basic geometry parameters of the shape
include the apex height H, beam width W, span S, and thickness ¢, as
shown in the enlarged view of Fig. 1(a). These parameters, which have
been well chosen to be representative according to the requirements and
limitations of manufacturing and testing, are listed in Fig. 1(a). Here, the
number of beams is 4, and the beams distribute uniformly between the
inner circular frame and the outer octagon frame. The width of the two
frames is 8 mm, and the outer radius of the circular frame is R, which is
defined as a variable, and the length of the side on the octagon frame for
connection with beams is 16 mm wider than that of the beam, as illus-
trated in Fig. 1(b). The remaining size of the octagon frame is deter-
mined by the size of the circular frame and the geometry of the
preshaped beams. Two frames with enough stiffness barely deform
during the transition of stable states, which provide sufficient support
and connection between the layers. To provide enough space for the
deformation of beams, the heights of the two frames are 20 mm and 25

mm, respectively.

The bistability of the cosine curved beams has been widely investi-
gated [28,51-53], and the transitions of the initial state to the second
stable state, namely, the snap-through process, are often triggered by the
axial compression. In this work, the proposed single layer can also be
triggered by a compressive load, which is applied through a rigid plane
covering the upper surface of the circular frame to obtain its flat stable
state, as shown in Fig. 1(c). The translation transition from the initial
state to the flat state is accompanied by the beams in the same layer
deforming synchronously. However, for this proposed single-layer
component, the four pre-shaped beams, which are distributed
spatially, offer more deformation possibilities than the conventional
planar bistable structures. As shown in Fig. 1(c), the single layer pos-
sesses the potential to have four inclined stable states, which are ach-
ieved by the different deformation states of four beams, including two
downward beams and two upward beams. To trigger the transition from
the initial state to the inclined state, a concentrated load is applied to the
local position of the circular frame to develop an effect of lateral
compression. From the initial state to the inclined state, the inclined
angle will form between the circular frame and the octagon frame. As
such, a bending mode is obtained, and the bending orientation of the
upper circular frame depends on the deformation of the beams.

If many single layers stack along the vertical direction, a family of
multi-layer multi-stable metastructures is obtained, as shown in Fig. 1
(d). Its initial state is a straight mode, and the compressive modes are
triggered by applying axial compressions. Benefiting from the inclined
states of each single layer, this meta-structure has many bending modes,
such as C-type bending mode and S-type bending mode, as illustrated in
Fig. 1(d). Therefore, this type of metastructure can deform in multiple
directions and enable the achievement of many different postures, such
as stretching and bending. This work aims to study the mechanical
properties of a single layer of this type of metastructure to gain a good
understanding of the transition mechanism between different stable
states. Then, a double-layer unit is presented to construct the multi-layer
structures with deformation capability with muli-degree of freedom.

3. Experiments
3.1. Fabrication

To study the mechanical behaviors of proposed multi-stable meta-
structures, a series of experimental samples were fabricated via fused
deposition modeling (FDM) using flexible thermoplastic polyurethanes
(TPU). TPU has large recoverable elastic strains, and its material prop-
erties were measured by uniaxial loading tests according to ASTM
D3039. As the fused deposition process produces parts in a layered
structure, the mechanical properties of the part vary depending on its



S. Tan et al.

Flat State

(@)

Materials & Design 240 (2024) 112859

e

Gripper

\:V

¢

(b)

Fig. 3. (a) Two states of axial compression; (b) Experimental setup for lateral compression.

orientation. The specimens could be printed in three modes, which are
Flat XY, Side YZ, and Upright Z, as demonstrated in Fig. 2(a). Here, the
specimens of all three modes were fabricated and subjected to tensile
tests, and the results of strain-stress curves are listed in Fig. 2(b). The
sample of the Upright Z mode has a clear difference from the other two
modes. Flat XY mode or Side YZ mode is employed in most works due to
its high strength. However, limited by the manufacturing technique, the
layered direction during the manufacturing process is along the height
of the pre-shaped beams, as shown in Fig. 2(c). Therefore, Upright Z
mode is employed for manufacturing experimental samples in this work,
and the corresponding strain-stress results are utilized to perform the
finite element model later. Moreover, it is observed from the enlarged
view that the beam has some unavoidable imperfections induced by this
fabrication mode. The height of each printing layer is 0.2 mm, and the
preshaped beam is formed by stacking these layers. As a result, the
surface of the fabricated beam is not as smooth as the ideal situation but
is rough like a ladder, as illustrated in Fig. 2(c). This type of imperfection
undoubtedly weakens the stiffness of the beams due to the reduced
cross-sectional area. This eventually causes the actual load-bearing ca-
pacity of the experimental samples to be lower than that of the ideal
situation. Besides these primary imperfection conditions, other factors,
such as pores and nonuniformity introduced during the manufacturing
process can also reduce the mechanical properties of the beams. More-
over, these imperfections result in mechanical variations among the four
beams. However, despite the existence of imperfections, beams were not
broken during the whole experiment due to the large elastic deformation
ability of TPU.

3.2. Experimental tests

A series of compressive loading tests were conducted to generate the
load-displacement curves depicting transitions between different states
of a single layer. Displacement-controlled quasi-static loading condi-
tions were applied to the experimental sample by a testing system of
Instron 5966 with a loading rate of 5 mm/min. To achieve the transition

from the initial state to the flat state, two compression plates are
employed, as shown in Fig. 3(a). The experimental sample was secured
onto the bottom compression plate using two clamps, and an adhesive
layer was applied before the upper compression plate made contact with
the sample. In doing so, the slipping can be avoided during the testing
process. After the testing, the sample was compressed completely under
asufficiently large vertical displacement, as shown in Fig. 3(a). Five tests
were carried out, and then the mean value and standard deviation of five
load-displacement curves were obtained as the final results.

For the measurement of the rotational transition from the initial state
to the inclined state, the bottom compression plate was kept and covered
by a steel plate with a larger area, and the top compression plate was
replaced by a loading tool consisting of a gripper, a column, and a
connector, which were manufactured by FDM using polylactic acid
(PLA), as illustrated in Fig. 3(b). The gripper was used to secure a
segment of the inner circular frame at the loading position using bolts.
The connector is linked to the compression head, while the column with
high stiffness connects the connector and the gripper is used for trans-
ferring the load. As the top compression head moved, a compressive load
was applied to the local region of the circular frame, causing the sample
to transit from its initial state to an inclined state. Simultaneously, the
bottom surface of the octagon frame was bonded to the steel plate using
an adhesive layer to ensure the stability of the whole structure. Herein,
this testing process is termed lateral compression. The loading history
was recorded, and both the corresponding vertical displacement and the
inclined angle between the upper plane and the lower plane, as shown in
Fig. 3(b), were measured and recorded. It is worth noting that the col-
umn will tilt during the transition of states so that spherical hinges are
assigned to both ends of the column, as illustrated in the enlarged view
of Fig. 3(b). Because the length of the column is large enough, the
declination angle is relatively small, and its effect on the
load—-displacement results can be neglected. The measurements for other
transitions involving inclined states adopted a similar testing setup.
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Fig. 4. (a) Numerical model for the axial compression; (b) Load-displacement curves of convergence analysis of finite element model.

4. Numerical simulations

Numerical simulation was employed as the primary analysis method
to investigate the mechanical properties of these proposed multi-stable
structures. The geometry model of the single layer was established by
the software Solidworks and subsequently imported into the finite
element method software ABAQUS/Standard. A Marlow hyper-elastic
material model utilizing parameters derived from the experimentally
measured stress—strain curve of TPU as illustrated in Fig. 2(b), was used
for the constitutive relation in finite element analysis (FEA). Throughout
the analysis, the ‘Nlgeom’ (geometrically nonlinear algorithms) setting
remained ‘ON’, and automatic stabilization with a dissipated energy
fraction of 2.0 x 10 was implemented to ensure computational
convergence.

To simulate the behavior of the single layer under axial compression,
the bottom surface of the octagon frame was fully fixed, and a reference
point was employed by a coupling constraint with the upper surface of
the circular frame. It has only one displacement degree of freedom,
which is utilized to control the axial compression, as shown in Fig. 4(a).
A suitable vertical displacement was applied to the reference point to
trigger the transition from the initial state to the flat state in the first
‘general, static’ step, followed by the acquisition of reaction
load—-displacement responses during the transition process. Subse-
quently, another ‘static, general’ step was carried out to eliminate the
displacement and estimate the stability. If the system fails to return to
the initial state but stabilizes at a new equilibrium state, it indicates that
the current state is stable.

For lateral compression, the bottom surface of the octagon frame
remained fully constrained, while a specific vertical displacement was
applied to a designated loading point on the top surface of the circular
frame to trigger the transition from the initial state to the inclined state

——FEA
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in the first ‘general, static’ step. The position of the loading point, as a
variable, will be studied later. Reaction load-displacement curves cor-
responding to this step were obtained. Subsequently, a second ‘general,
static’ step was required to assess the stability of the inclined state,
followed by the measurement of the inclined angle between the circular
frame and the octagon frame to characterize the inclined stable state.
Additionally, an extra ‘static, general’ step was appended after arriving
at the inclined state, where another vertical displacement was applied to
the relevant positions to trigger the transition from the inclined state to
another inclined state or a flat state. The load-displacement curves ob-
tained by the above FEA analysis will be discussed and compared with
experimental results in the following section.

In this finite element model, eight-node brick elements (C3D8) were
used to mesh the structure. The mesh size of the beam with complicated
deformation is smaller than that of two frames, which primarily un-
dertake compressive load. Thereby, the computational efficiency was
enhanced, and computational time was reduced. For the frames, the
mesh size of the remaining parts, except the parts connecting with
beams, is 3 mm. A convergence analysis, using lateral compression as an
example, was performed, and mesh sizes in the thickness direction of the
beams (0.15 mm, 0.25 mm, 0.50 mm, and 0.75 mm) were constructed,
as illustrated in Fig. 4(b). As the mesh size of the beam decreases, the
load—displacement response stabilizes. Following this convergence
analysis and considering computational efficiency, six meshes along the
thickness direction were applied.
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Fig. 5. (a) Load-displacement curves under axial compression; (b) The deformation process of the beam for axial compression predicted by FEA.
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transitions predicted by FEA.
5. Results and discussion
5.1. Single layer

5.1.1. Axial compression

As a design unit, a single layer of the metastructure proposed in this
paper has five stable states after deformation, including one flat state
and four inclined states. The transition from the initial state to the flat
state under axial compression is the most common. The measured
load-displacement curves of axial compression are compared with re-
sults predicted by FEA, as shown in Fig. 5(a). It can be observed that
there is a good qualitative agreement between experimental and nu-
merical results. However, the maximum load predicted by FEA is higher
than the experimental value. It is attributed to the fact that the curved
beams become weak due to the imperfections introduced by the
manufacturing process. The representative characteristics of bistability,
such as the negative stiffness between maximum load and minimum
load, and the negative value of minimum load, can be easily identified
from the load-displacement curves. Four beams within a single layer of
this metastructure have the same deformation at the flat stable state
obtained by axial compression, and they mainly exhibit bending modes,
as shown in Fig. 5(a). Moreover, the transient shapes of the beam cor-
responding to the characteristic points in Fig. 5(a) are extracted from
FEA results, as shown in Fig. 5(b). It is observed that the beam undergoes
bending and compression deformation during the transition from the
initial state to the flat state.

5.1.2. Lateral compression

A single layer of the metastructure has four inclined states and one
flat state, and its postures can be adjusted by the transitions between
different states. In this section, lateral compression is utilized to trigger
the state transitions, including initial state to inclined state, inclined
state to inclined state, and inclined state to flat state.

1. Initial state to inclined state

Firstly, the inclined state is obtained by lateral compression acting on
the circular frame. Due to the circular shape of the upper frame where
the load is applied, the angles increasing in an anti-clockwise direction
are employed to represent the loading position, as illustrated in Fig. 6(a).
To express this easily, the beams are marked with different numbers
from 1 to 4, as shown in Fig. 6(a). Three typical loading cases are
investigated, respectively. When the load is applied at the middle point
of the arc between two beams of No. 1 and No. 3, it is termed Case I,
while the loading position is denoted as 90°, as shown in Fig. 6(a) and
(b). For Case III, the load acts on the axis of the No. 1 beam, and the
loading position is denoted as 45°. The loading position of Case II is
located in the middle of Case I and Case III, which is denoted as 67.5°.
Due to the central symmetry of the circular frame and the distribution
form of beams, the other angles representing the same loading positions
exhibit the same mechanical properties in the finite element model.
However, the experimental results at the same loading positions with
different angles show a certain difference due to the imperfection of the
sample. Therefore, four tests were performed for the same position but at
different angles, and then the mean value and standard deviation of four
load—displacement curves were obtained.
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Table 1
The mechanical properties corresponding to different transitions of the single
layer.
Transitions Maximum Load (Fpa,)/  Minimum Load (Finin)/
N N
Exp. (Mean FEA Exp. (Mean FEA
Value) Value)
Initial State to Flat State 20.76 24.25 —5.67 -7.84
Initial State to Case I 7.40 8.46 —0.25 —-0.20
Inclined State Case 6.84 8.01 —0.10 -0.19
I
Case 6.08 7.31 —-0.01 —0.22
- 111
Inclined State to Inclined State ~ 8.01 8.76 —0.72 —0.18
Inclined State to Flat State 10.04 9.73 -1.81 —2.52

For FEA, the same inclined state is obtained under these three
loading cases, as shown in Fig. 6(b). In this inclined state, the beams of
No. 1 and No. 3 deform downward, and the inclined angle between the
two frames predicted by FEA is 15.6°, which is consistent with the
average experimental value of 16.1° of the four inclined states. Fig. 6(c)
displays the load-displacement curves of Case I, where the load in-
creases to a maximum point first and then decreases to a minimum
point. For Case II, the load also increases and then decreases, but a phase
with a slow decline appears after the maximum point, as shown in Fig. 6
(d). However, the situation becomes different when the load is applied
to the beam in Case III. In Fig. 6(e), the load increases to a maximum
point and then decreases very slowly to form a platform phase, and an
obvious turning point appears before the load falls vertically. The values
of maximum load and minimum load in the above three cases are listed
in Table 1. The value of maximum load for Case I is the highest among
the three loading cases of lateral compression, but there is little differ-
ence in the values of minimum load. Furthermore, the value of
maximum load in lateral compression is much lower than that of axial
compression.

The experimental results generally exhibit basic consistency with the
FEA results. However, the experimental maximum loads of three cases
are lower than those predicted by FEA, as illustrated in Table 1. This
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620+
2 1eH
 80e-
390+
98+

53

15390523035

343

Inclined State

Materials & Design 240 (2024) 112859

discrepancy is attributed to the imperfections present in the experi-
mental samples, as discussed earlier. The inevitable imperfections of the
beam reduce the overall load-bearing capacity of the structure. How-
ever, there are noticeable differences in the trend of load—-displacement
curves between the experimental and FEA results, particularly evident in
Case III, as shown in Fig. 6(e). Further analysis will be conducted in the
following section to explore the reasons behind these differences, taking
into account the deformation process.

The strain energy (P) concerning displacement (d) during the three
loading processes is predicted by FEA and then normalized (E = 56 MPa)
as shown in Fig. 6(f), which is compared to the situation of axial
compression. It indicates that the transition from the initial state to the
inclined state exhibits a local minimum in the energy landscape, which
corresponds to the stable state, but the energy corresponding to the in-
clined state is much lower than that of the flat stable state. Moreover, the
energy well of the inclined state is much shallower than that of the flat
state. This illustrates that the inclined state needs less energy to obtain,
but the inclined state is not very stable and is easily broken compared to
the flat state. Comparing the three cases of lateral compression, Case III
needs more energy to reach the inclined state.

The transient shapes corresponding to the characteristic points on
the load-displacement curves in Fig. 6 are extracted from the results of
FEA, as shown in Fig. 7. To express it concisely and clearly, four beams
are retained, and two supporting frames are hidden. The left view is
employed as the main view to show the deformation process, and the
view direction has been illustrated in Fig. 7. In this view direction,
beams No. 1 and No. 2 overlap at the initial state. For Case I, beams No. 1
and No. 3 are symmetric, so they have the same deformation process.
Beams No. 1 and No. 3 deform downward with the loading, and beams
No. 2 and No. 4 barely change. Different from axial compression, the
deformation of the beam unit includes not only bending and compres-
sion but also twisting. For Case II, beam No. 1 deforms downward at the
point of maximum load, but the deformations of beams No. 1 and No. 3
have synchronized at the point of minimum load. However, the defor-
mation of beams No. 1 and No. 3 become out of sync until the turning
point in Case III. During the load-falling process from the turning point
to the minimum load, beam No. 3 snaps quickly to follow beam No. 1
and then reaches synchronization at the point of minimum load. Another

0 g\\ !/!

Fig. 7. The deformation process of the beams under different loading cases predicted by FEA.
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Fig. 8. The maximum load vs loading positions from the initial state to the
inclined state.

point that should be noted is that the beam subjected to load exhibits
bending and compression without twisting in the platform phase shown
in Fig. 6(e).

However, there are observed differences between the experimental
deformation processes and the results predicted by FEA, as reflected in
the load-displacement curves shown in Fig. 5. In Case III, experiments
revealed that beam No. 3 deformed gradually following beam No. 1,
resulting in an indistinct platform phase on the experimental
load-displacement curve. This discrepancy can be attributed to the fact
that the equilibrium state associated with the platform phase is easily
disrupted, causing beam No. 3 to start to deform earlier than that
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predicted by FEA. This early deformation is due to inherent mechanical
property variations among the four beams resulting from the imper-
fection. This discrepancy further contributes to the observed differences
between experimental results and FEA results, as illustrated in Fig. 6(e).

The maximum loads with other loading positions are simulated by
FEA and compared with experimental results in Fig. 8. When the load is
applied to 0°, 90°, 180°, and 270°, the maximum load is the highest.
When the load is applied to the beams (45°, 135°, 225°, and 315°), the
maximum load is the lowest. When the load is applied to the arc of the
circular frame between two beams, the same inclined stable state is
obtained. For example, if the load position is located from 45° to 135°,
the obtained state will incline in the direction of 90°. When the load is
applied to another range of angles, the inclined direction will follow the
loading positions such that four inclined directions are enabled by the
arrangement of loading positions.

As discussed before, the inclined state is more unstable than the flat
state, so it is necessary to find the conditions under which the inclined
state loses its stability. However, an accurate theoretical model has yet
to be established; a parametric analysis using the finite element model is
employed to explore and clarify this issue. As shown in Fig. 9(a), the
maximum load (Fy,yx) is associated with parameters H and t when H is
set to be equal to S and the loading position is similar to Case I. The
maximum load is normalized by the elastic parameter E of 56 MPa and
the width W of 10 mm. Herein, five different values are assigned to the
thickness t of the beam; however, the trends observed across these
variations are nearly the same. Therefore, it is believed that the
normalized results exhibit universality. The maximum load decreases
with the ratio of H and t. When H/t is lower than a certain value, the
inclined state is not stable anymore, as marked in Fig. 9(a) with the
hollow scatter. Moreover, if H/t is too high, the inclined state will also
disappear. Particularly, it is difficult to obtain the inclined stable state
when the thickness is relatively high. If a stable inclined state exists, the
inclined angle increases with H/t. In Fig. 9(b), the influence of the ratio
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Fig. 9. A parametric analysis predicted by FEA: (a) The maximum load and inclined angle are associated with the parameters of H and t; (b) The maximum load and
inclined angle are associated with the parameters of H and S; (¢) The maximum load and inclined angle are associated with the parameters of R and H.



S. Tan et al.

Materials & Design 240 (2024) 112859

Inclined State-I

T T T T
b 10
Displacement (mm)

(b)

o -

10 Inclined State-1 Maximum Load
. Mises
Maximum Load ——FEA e S, Mises
Ex +4.462e+00 (Avg: 75%)

8 - p' +4,090e+00 +6.144e+00
+5.644¢+00
+5.143e+00
+4.643¢+00
+4.143e+00
+3.643e+00

6 +3.142¢+00

- Jextontd
2l4zer
+1. 642:*01]
Z 727 F1141e+00
N’ 4 - +8.892e-04 +|A3‘l'%e—'"
1409
=
(]
=]
= 27 Minimum Load
Inclined State-1T Inimum Loa
S, Mi & M
# , Mises
04 4 - 2 (Avg: 75%)
Minimum Load %, SSsieron
+4.188¢+00
+3.842e+00
.497¢+00
-2 +3.151e+00
. +2.805¢+00
+1.844e+00 +2.460e+00
T +1.475e+00 +2.114e+00

+1.107e+00
+7.381e-01

+3.695e-01
+8.899¢-04

+3.856e-01

(©)

Fig. 10. (a) Two inclined states of experiments; (b) The load-displacement curves corresponding to the transition from the inclined state to the other inclined state;

(c) Two inclined states and shapes of beams predicted by FEA.

of S and H is demonstrated. Herein, the thickness t is set to be 1.5 mm,
and the width Wis 12 mm. It is found that the inclined state is not stable
when the ratio of H and t is too high or too low when the ratio of S and H
is certain. For a lower ratio of S and H, the inclined stable state will last
in a wider range of the ratio of H and t. The inclined angle of the stable
state increases with H/t if the inclined stable state exists. If H/t is certain,
the inclined angle increases with S/H. Here, to achieve a robust inclined
stable state, it is recommended to maintain the H/t ratio within the
range of 6.5 to 20, while ensuring the S/H ratio remains below 1.75.
Additionally, the influence of the parameter R is shown in Fig. 9(c),
while the width Wis 10 mm and the thickness tis 1 mm. When R is much
higher than W, the load is not affected significantly by R when H/t is
certain. However, the inclined angle decreases obviously with R. It is
worth noting that stability will disappear when R/W becomes lower. To
achieve a stable inclined state, it is recommended to ensure the value of
R/W exceeds 2.5. Therefore, the parameters H, S, t, and R could be
regarded as the main design variations for determining the existence of
the inclined stable state and affecting the mechanical properties. In the
design of a single layer, opting for a wider beam (W) rather than
increasing its thickness (t) is preferable for enhancing its load-bearing
capacity. Because the stability of the inclined state is less influenced
by the width (W) compared to the thickness t. If the design objective is
based on the inclined angle, tuning the value of S/H is a suitable variable
to prioritize.

2. Inclined state to inclined state

There are four inclined states for a single layer of the metastructures,

and the transition from one inclined state to another inclined state can
be triggered by lateral compression. As shown in Fig. 10(a), one inclined
state has been triggered from the initial state by loading at the position
of 0° shown in Fig. 6(a), a lateral load continues applying at the position
of 90°, and then another inclined state can be obtained. The experi-
mental load-displacement curve is compared to the results of FEA in
Fig. 10(b). The load increases slowly to a maximum point, while the
stiffness decreases gradually. After the maximum point, the negative
stiffness appears briefly, and the load drops to a minimum value, which
means a snap-through behavior is triggered. The two inclined states are
predicted by FEA, and the corresponding maximum load and minimum
load for beams No. 1 and No. 3 are also extracted, as shown in Fig. 10(c).
Under the loading, beams No. 1 and No. 3 with different deformation
statuses move downward together at first until beam No. 3 snaps, rep-
resented by the vertical descent of the load, and the two beams exhibit
the same deformation status at the minimum point. The values of the
maximum load and minimum load corresponding to this transition are
listed in Table 1. Compared to the transition from the initial state to the
inclined state, the transition between two adjacent inclined states needs
a higher load.

3. Inclined state to flat state

There is a special transition from the inclined state to the flat state, as
shown in Fig. 11(a). An inclined state has been obtained by lateral
compression at the position of 270° shown in Fig. 6(a), and then a load is
applied to the position of 90°, which results in a transition to the flat
state. The load-displacement responses corresponding to this transition
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Fig. 11. (a) The inclined state and flat state of experiments; (b) The load—displacement curves corresponding to the transition from the inclined state to the flat state;

(c) The inclined state and flat state, and shapes of beams predicted by FEA.
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(b)

Fig. 12. (a) The strain energy curves of transitions from the inclined state to another inclined state or flat state predicted by FEA; (b) Maximum load vs loading

positions from the initial state to the inclined state.

are given in Fig. 11(b). The varying trend of the load-displacement
curves is similar to that under axial compression. An obvious stage of
negative stiffness arises between the maximum point and the minimum
point. However, compared to the axial compression, the value of the
maximum load is much lower, as shown in Table 1. As illustrated in
Fig. 11(c), beams No. 1 and No. 2 are employed to analyze this transition
process. During the early stage of this transition process, beam No. 1
takes the most load and deforms downward, and beam No. 2 barely
changes. When the load reaches the lowest value, beam No. 1 completes
the transition, shifting from upward to downward.

The curves of strain energy (P) with respect to the displacement
corresponding to the two above transitions are predicted by FEA, as
shown in Fig. 12(a). The local minimum values of strain energy corre-
sponding to two inclined states are the same, and an energy barrier
should be overcome to complete this transition between two inclined
stable states. The higher strain energy of the flat state leads to a higher
energy barrier, so the corresponding transition is more difficult to finish.
Combining the results in Fig. 6(f) and Fig. 12(a), four inclined stable
states are located at the same energy levels that are lower than that of
the flat stable state. If the imposed external energy is sufficient enough
to cross the energy barrier, the transition from the initial state to in-
clined stable states is easy to trigger, and the flat state is difficult to reach
without other constraints. However, the state transitions of the single
layer involving snap-through behaviors of beams are nonlinear dynamic
processes. When the external energy is sustained input, the transitions
from the inclined state to the other inclined state or the flat state may
occur. If the external energy is vibration, the cross-well responses be-
tween the initial state and inclined states are easy to obtain due to the
relatively shallow energy barrier from the inclined state to the initial
state. Therefore, understanding the dynamic characteristics of the

proposed multi-stable structure is significant, especially when it is used
as a morphing mechanism, and should be investigated carefully in the
future.

As shown in Fig. 12(b), more loading positions are considered by
experiments and FEA. The transition from the inclined state to the flat
state is more difficult to trigger, so only the loading position of 180° is
available. When the load is applied to the remaining positions, the
transitions between adjacent inclined states are completed. However,
the transition will not occur if the loading position is too close to the
point that triggers the transition from the initial state to the current
inclined state. As a result, the angles corresponding to these positions
lack load data. The maximum load has the lowest value at the positions
of 135° and 225°, which correspond to where two upward beams are.

5.2. Double-layer unit

The single layer is not easy to stack directly to construct multi-layer
structures due to its cone configuration. Therefore, a construction unit
with double layers is designed, as shown in Fig. 13. Two layers are
connected by their circular frames to form an hourglass-type unit. If the
top layer overlaps with the bottom in the top view, the unit is termed
Type 1. After rotating the top layer of Type I with an angle of 45°, the
beams on the two layers are crisscrossed, and it is named Type II. In this
section, these two types of double-layer units are investigated by ex-
periments to exhibit their capability of deformation. The parameters of
the single layer remained the same in the above study. In the experi-
ments, the samples with a single layer were fabricated first, and then an
adhesive layer of epoxy was employed to bond two single layers to
obtain the double-layer samples.

Fig. 13. Two types of double-layer units.
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Fig. 14. (a) The experimental load-displacement curves of the double-layer unit from initial state to flat state; (b) The experimental deformation process of the

Fig. 15. (a) The experimental load—-displacement curves of the double-layer unit from the initial state to the bending state when the load is applied to Position I; (b)
The transition order of two types of experimental samples when the load is applied to Position I; (c) The experimental load-displacement curves of the double-layer
unit from the initial state to bending state when the load is applied to Position II; (d) The transition order of two types of experimental samples when the load is

applied to Position II.

5.2.1. Axial compression

Firstly, the experimental testing for the Type I sample under axial
compression was performed, and the experimental load-displacement
curves are shown in Fig. 14(a). The load experiences two cycles of
increasing and decreasing, which means that each layer exhibits evident
snap-through behavior sequentially. As shown in Fig. 14(a), the bottom
layer finished the transition first, and then the top layer transitioned
from the initial state to the flat state, so the stretching along the height
direction could be realized in steps. Two types of double-layer units have

11

the same response under axial compression, so the Type II unit was not
studied anymore.

5.2.2. Lateral compression

1. Initial state to bending state

Lateral compression is employed to trigger the transition from the
initial state to the bending state of the double-layer unit. Two positions
are adopted to investigate the influence of the loading position, as
illustrated in Fig. 13. For Position I, the load is applied to the side
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Fig. 16. (a) The experimental load-displacement curves of the double-layer unit (Type I) when the load is applied to Position I and II; (b) The transition orders of
experimental samples corresponding to two transitions in (a); (c) The experimental load-displacement curves of the double-layer unit (Type II) when the load is
applied to Position I and II; (d) The transition orders of experimental samples corresponding to two transitions in (b); (e) The experimental load-displacement curves
of the double-layer unit (Type II) when the load is applied to Position III; (f) The transition order of experimental samples corresponding to the transitions in (e).

connected with the beam of the octagon frame. Fig. 15(a) displays the
load-displacement responses of two types of double-layer units when
the load is applied to Position I. For Type I, the bottom layer transits to
its inclined state in the first step, and a bending state is reached after the
transition of the top layer in the second step, as shown in Fig. 15(b). Due
to the load applied to the position corresponding to the beam, the
varying trend of the load-displacement response for a single transition
of two steps is similar to Case III in Fig. 6(e). For Type II, the top layer
inclines first, and then the bottom layer transits, as shown in Fig. 15(b).
The bending angle of the two layers is not in the same plane, so the
different bending orientations could also be realized in the same double-

12

layer unit. Its loading situation is similar to Case III for its top layer and
becomes the situation of Case I for the bottom layer, so the trend of
load-displacement response is regarded as a superposition of these two
transitions. The load is shifted to the position between the beams, and
this case is termed Position II, as shown in Fig. 13. Fig. 15(c) shows the
load—-displacement curves corresponding to this case. For Type I, the
bending state is obtained after two transitions in Case I, which is
concluded from the trend of load-displacement curves and the transition
process shown in Fig. 15(d). For Type II, the transition similar to Case III
is finished first, and then a transition like Case I is followed, as shown in
Fig. 15(d).
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Fig. 17. Two types of multi-stable meta-structure.

2. Bending state to other bending state

If the current state is a bending state, an additional lateral load will
introduce more feasible transitions. Here, several cases where the load is
applied to different positions will be discussed. As shown in Fig. 16(a)
and (b), a load is applied to the upward side of the octagon frame on the
top layer, and two transitions similar to the situation in Fig. 11 are
completed to reach the flat state. If the load is applied to the inclined
side of the octagon frame on the top layer, two transitions similar to the
situation in Fig. 10 are triggered to change the orientation of the bending
state.

For Type II, the transitions become more complicated than those in
Type L. As shown in Fig. 16(d), three loading positions will lead to three
different cases. For Position I, the load is applied to the inclined side of
the frame with a lower height. At this moment, only one transition oc-
curs in the top layer, as shown in Fig. 16(c) and (d). For Position II, the
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load is applied to the inclined side with a higher height, resulting in two
transitions from the inclined state to another inclined state. In the last
case, when the load is applied to the upward side of the frame, a tran-
sition with three steps appears, as illustrated in Fig. 16(e) and (f). The
bottom layer transits to a new inclined state first, and then two
continuous transitions happen in the top layer. From the
load—-displacement response, it is easy to see that the three transitions all
belong to the situation shown in Fig. 10.

The above results indicate that transitions of the double-layer unit
are regarded as the combination of corresponding responses of two in-
dividual single layers. According to the configuration of the double-layer
unit and the loading positions, plentiful bending orientations can be
obtained.
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5.3. Multi-layer structure

After understanding the mechanical properties of the single layer and
double-layer units, a multi-layer structure with four double-layer Type I
units stacking along the transverse direction is constructed, as shown in
Fig. 17(a). The parameters of the beam are selected to reduce the size of
the structure, as shown in Fig. 17(a). The capability of deformation is
enhanced by the arrangement and combination of stable states in every
single layer. The vertical lengthening and shortening are easy to obtain
by axial loading and unloading. If layers transit to their inclined state in
the same orientation step by step, a C-type bending state is obtained. For
this eight-layer structure, the largest bending angle is able to reach 140°
through the accumulation of the maximum inclined states with all
layers. If the orientation of inclined states is different, a planar S-type
bending state or a spatial S-type bending state could be formed.

Another multi-layer structure was fabricated with the Type II double-
layer units, as illustrated in Fig. 17(b). As discussed before, two bending
orientations could be realized in this double-layer unit. If all the top
layers shown in Fig. 17(b) transit to their inclined states, a bending state
is obtained, and another bending state is obtained when these transitions
of all the bottom layers happen. In the top view, these two bending states
exhibit different orientations, as shown in Fig. 17(b). Therefore, based
on the Type II unit, the bending states of the multi-stable structure have
eight orientations. Though the proposed multi-stable structure has the
flexibility of deformation with multi-degree freedom, the actuating
method will be considered in the future.

6. Conclusions

In this work, a family of multi-layer multi-stable metastructures has
been proposed, designed, and investigated. Firstly, a single layer of this
metastructure is designed and fabricated, for which the transitions be-
tween its different states are studied by both finite element methods and
experiments. Specifically, two hourglass units, each comprising two
layers, are devised as the fundamental building units to construct the
multi-layer structure. The continuous transitions occurring in two or
three steps are measured experimentally. Some conclusions can be
summarized as follows:

1. A single layer comprising four preshaped beams exhibits five stable
states, including one flat state and four inclined states. It is observed
that the transitions from the initial state to the inclined state, induced
by lateral compression, require lower loading and consume less en-
ergy than transitions from the initial state to the flat state under axial
compression.

2. If a certain inclined state is designated as the final state, it is crucial
to position the loading point within a corresponding range on the
frame. When the loading position approaches the beam, there is a
gradual decrease in the maximum load, while the required energy is
increased. The transitions between inclined states are facilitated by
lateral compression, and it is worth noting that an inclined state also
can transit to the flat state if the load is applied to the mid-point of
the frame arc between two upward beams.

3. Parametric analysis reveals that the stability of the inclined state is
highly sensitive to the parameters, such as apex height, span, and
thickness of the beam. Additionally, the radius of the circular frame
becomes crucial, particularly when the beam width is relatively
wide. To achieve a robust inclined stable state, it is recommended to
maintain the value of H/t within the range of 6.5 to 20, while the
value of S/H should ideally be lower than 1.75.

4. The load-displacement responses of the double-layer unit could be
regarded as the combination and arrangement of responses of the
single layer. Moreover, one or two bending orientations could be
realized in one two-layer unit by the arrangement of beams.

5. Two examples of a multi-stable structure consisting of four double-
layer units are constructed as an example to demonstrate its robust
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deformation capabilities, such as stretching, planar bending, and
specialized bending. Through proper unit arrangement and design,
the proposed multi-stable structures with multi-directional defor-
mation capabilities offer new solutions for designing deployable
structures or soft robotics.
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