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Metamaterials are renowned for their unique properties, but most have fixed properties once fabricated. Ten-
segrity metamaterials offer tunable mechanical properties by adjusting prestress, making them excellent for load-
bearing and energy absorption. However, tensegrity structures’ inherent self-equilibrium and stability demand
complex geometries with irregular angles and pre-tensions, restricting convenient fabrication. To address those
limitations, we propose a tensegrity-inspired sandwich metamaterial (TSM), which preserves the stress redis-
tribution capability of standard tensegrity structures, yet can be easily fabricated. The design comprises an elastic
membrane sandwiched by two spiked plates, with the membrane in tension and the spikes in compression. The
TSM can be reprogrammed to achieve a wide range of static and dynamic responses by adjusting the preloading
distance between the two plates. In particular, the TSM achieves a tuning of energy dissipation efficiency within
the range of 20%-56% and the tuning of mitigation rate in the range of 0.136-0.204 by a single layer. This study
provides a pathway for creating effective and reprogrammable energy-absorbing metamaterials for impact
mitigation systems, allowing for active control of static and dynamic responses.

1. Introduction

Tensegrity is typically recognized as pin-connected frameworks with
cables and struts [1-3]. Cables form a continuous tensile network, and
struts are discretely encompassed into the tensile network to resist
compressive forces [4]. The documentation of tensegrity can be traced
back to a century ago [5]. Initially, it was a type of architecture that
attained rigidity with a combination of compression and tension ele-
ments [6,7]. Unlike truss structures, each element in a tensegrity
structure only bears tension or compression load without suffering from
bending and shear loads [8]. Thus, the tensegrity structure possesses
significant potential to avoid early localized failure [9], making it
well-suited for impact absorption applications [10]. Moreover, ten-
segrity structures exhibit excellent properties, such as high
stiffness-to-mass ratio, lightweight, programmable deployment,
reprogrammability, and substantial load-bearing capacity [11-14].
These have been applied in various fields, including sculpture,
biomedical devices, robotics, and space structures [15-19].

Compared with lattice metamaterials [20-22], the construction of
tensegrity structure is more complex [23-25]. It relies on the balance of
forces to maintain its shape and function rather than on rigid
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connections. Stability under prestress is the most critical characteristic
of a tensegrity structure that must be satisfied [26-28]. The generalized
concept of tensegrity is defined as any prestressed structural system that
is stable with continuous tensile components [29]. As long as the bal-
ance between prestress tension and compression is maintained, most of
the excellent properties of tensegrity are preserved [30-35]. However,
the design and fabrication of tensegrity structures have long been a
major challenge, owing to the stringent geometric, assembly, and
prestress requirements [36-39]. This procedure requires a high level of
accuracy since a given structure’s statics greatly depend on the specific
level of prestress in the tensioned and compressed members [40-42].
Manufacturing and assembly errors significantly affect the stability of
the tensegrity structure and may even cause failure [43-46]. The initial
imperfections may also reduce the performance of the tensegrity [44].
The unique self-stress state endows the tensegrity structures with the
ability to control their mechanical properties [47]. This had an impor-
tant application for controlling wave propagation, like absorbing the
energy of compression waves [48,49], tuning the propagation velocity
[50-52] and bandgap range [53-55]. Yin [56] designed a truncated
regular octahedral tensegrity-based metamaterial and tuned the Pois-
son’s ratio in a wide positive/negative range by prestressing. Whereas,
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Salahshoor [57] studied the material symmetry phase transitions of
tensegrity lattice and achieved several phase transitions due to cable
prestressing. On the other hand, Li [58] proposed a configurable
tensegrity-based metastructure with rigidity-flexibility phase transition
and exhibits rich bandgap turning. Although the conceptual designs of
tensegrity metamaterial demonstrate great theoretical potential, they
have not been actualized except for one-dimensional chains [59-61].
Nevertheless, the implementation and tuning of prestress are still chal-
lenging because the members are unstable until the assembly is finished,
and prestress forces may deviate [62,63]. The critical buckling load in
struts also limits the level of prestress. Liu [64] further discussed tuning
stiffness of tensegrity-based metamaterial by prestressing. Tuning stift-
ness may potentially affect impact mitigation, yet this has not been
explored.

In impact mitigation, when observed in lattice materials, localized
deformation could significantly decrease the energy absorption [65] and
the vibration fatigue life [66,67]. In contrast, the continuous network of
tensegrity structures provides a redundant path for transferring loads
and deformation [68], so it has the advantage of passively dissipating
energy [69]. Bauer [70] proposed a space tessellating tensegrity meta-
material with delocalized deformation and experimentally confirmed
that energy absorption can meet the level of other types of meta-
materials. Yang [71] proposed a bistable tensegrity structure with su-
perior reusability, achieving high energy absorption. Zhang [72] made a
tensegrity protective drone shell that showed good mitigation for
collision dynamics. Some efforts for improving the energy-absorbing
capabilities have also been proposed, like adding the bar bucking en-
ergy [10,73], increasing the number of unit cells [74], enhancing
prestress level [75], and filling with metal rubber [76].

This study aims to examine the tunability of tensegrity structure on
static stiffness and impact mitigation. A novel type of tensegrity struc-
ture is proposed to increase the tunable range, which looks like a
sandwich structure, hence named tensegrity-inspired sandwich meta-
material (TSM). The structural complexity has been dramatically
simplified for easy fabrication and prestress adjustment. TSM can realize
a tuning distance of up to 50% of its height. Therefore, using TSM, the
relationship between tuning distance and structural stiffness and the
effect on impact mitigation was investigated. The structure of the paper
is organized as follows. Section 2 introduces the geometric design of the
TSM, numerical simulation setups, and an analytical model for static
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behavior. Section 3 presents the quasi-static simulation results of the
TSM, showcasing the reprogrammable mechanical properties, load dis-
tribution capability, and impact mitigation performance. Section 4
summarizes the main observations of the study.

2. Material and method

This section provides details on the design of the TSM unit cells and
the assembly strategy. Next, material and numerical simulation models
are introduced. Additionally, an analytical model is proposed to predict
the compression behavior of the TSM.

2.1. Design of TSM

The TSM unit cell comprises struts, membranes, and cables, as shown
in Fig. 1 (a). The struts are fixed vertically on the top and bottom plates,
forming two spiked plates. The top and bottom struts are staggered, so
the load must transfer through the membrane, avoiding direct contact
between the struts. Thus, the elastic membrane serves as the continuous
tensile component and preserves tensegrity features. The peripheral
cables are also part of the continuous tensile components; their length
could preload TSM.

Based on the unit cells, a metamaterial can be constructed by
tessellation. For instance, Fig. 1 (b) shows a 3 x 3 tessellation of 2D
metamaterial. Here, the unit cells are aligned side by side, and merging
is done by integrating the bottom plate. After merging, the top struts
become 3 x 3, whereas the bottom struts become 4 x 4, placed alter-
nately, as shown in Fig. 1 (c). The membranes are fused into a large
membrane to connect all the struts. Compared to traditional tensegrity
structures, TSMs are easily assembled by layering three pieces of major
components: top plate, membrane, and bottom plate. The membrane
could adjust its deformation to accommodate tension in all directions.
The eight peripheral cables are incorporated to connect the top and
bottom plates that make TSM as a whole. When preloading TSM by
decreasing the length of the cables, the struts compress the membrane
into a zigzag shape, as shown in Fig. 1 (d). The preloading process forms
a prestressed state inside the TSM. The corresponding geometric pa-
rameters of a typical TSM are listed in Table 1, which is used for nu-
merical simulations later.

(c)

[PEN NN N Ny

Preloadig cable

Fig. 1. The structural design of TSM. (a) A unit cell constructed by the tensegrity concept. The unit cell comprises two spiked plates, four cables, and an elastic

membrane. (b) A 3 x 3 array tessellation strategy of the TSM. (c) The assembly of metamaterial from unit cells by merging the boundaries. The overlapped cables and
portion of the plates and membrane are deleted. (d) Preloading of the TSM through tightening of peripheral cables.
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Table 2
Elastic properties of the material in TSM.

B. Tan et al.
Table 1
The geometric parameters of a TSM design.
Item Radius Height Spacing Item Side Thickness
(mm) (mm) (mm) length (mm)
(mm)
Top 4 7 22.5 Plates 90 3
struts
Bottom 4 7 225 Membrane 100 0.5
Struts
Cables 0.25 20.5 45

2.2. Material selection

For the numerical simulations and the example physical model in
Fig. 2, PLA was chosen as the material for the two plates. PLA is one of
the most common materials for 3D printing because of its processability,
low density, and relatively good mechanical properties for load-bearing
applications. For the membrane, PDMS was chosen with a thickness of
0.5 mm because it has good strength and toughness. The peripheral
cables are chosen as Kevlar ropes because of their high stiffness and
tensile strength. The elastic properties of the selected materials are
outlined in Table 2.

2.3. Numerical simulation

Finite element simulations by commercial software ANSYS/LSDYNA
were carried out to analyze the out-of-plane compressive behavior of
TSM. The top and bottom plates with struts are modeled by the 8-node
3D solid elements. The membrane is discretized by the 4-node
Belytschko-Tsay membrane shell elements (Type 9) with full integra-
tion. The peripheral cables are modeled as discrete beam elements. After
the mesh convergence study, we selected a mesh size of 1 for the shell
and the solid elements. The membrane, struts, and peripheral cables
were connected by node coupling to ensure interfacial compatibility.
The material properties summarized in Table 2 were modeled by
adopting an isotropic material model (Material Type 1). The preloading
of TSM was applied by shrinking the length of the beam elements of
peripheral cables.

Material Elastic modulus (Mpa) Poisson’s ratio Density (g/cm?)
PLA 2200 0.4 1.05

PDMS 2.3 0.483 1

Kevlar 12670 1.07

Two rigid loading plates (the grey parts in Fig. 3) were used to
compress TSM to simulate the quasi-static process. The lower rigid plate
was fixed in all directions. The upper rigid plate was fixed in five di-
rections except for the vertical direction, and a constant compressing
speed of 25 mm/s was applied. A general contact algorithm was defined
between the rigid plates and the plates of TSM. The friction coefficient
was set to 0.25. The kinetic to internal energy ratio was limited to be
lower than 5% to ensure the compression is a quasi-static process.

The load-displacement curves of TSM by experiment and numerical
simulation are compared in Fig. 4, and the results show a good overall
agreement. The first 1.5 mm exhibits a zero-stiffness zone. During this
period, the membrane is slightly stretched, and the conversion of the
tension force into the vertical force is negligible due to the struts being
perpendicular to the membrane, as depicted in Fig. 5 (a). As the
compression reaches 3 mm (Fig. 5 (b)), the upper and bottom stretch the
membrane more and disperse the membrane into equally distributed

Loading
Rigid plate

ﬁ
——T————

e

i S
Fixed rigid plate

Fig. 3. Finite element model of the TSM. The metamaterial is placed between
two rigid plates. The lower rigid plate is fixed. The upper rigid plate is fixed
except for the vertical direction. A vertical displacement load is applied on the
upper rigid plate.

Fig. 2. A physical model of TSM made by spiked plates, membrane, and peripheral cables.
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Fig. 4. Comparison of the compressive force-displacement curves of experi-
ment and finite element simulation.

strips and facets. The strips are the direct tension parts and form a
continuous network, the width of which is larger than the diameter of
the struts. The facets are the indirect tension parts from the interaction
between unit cells, with less stretch than strips. As the compression
reaches up to 7 mm, the deformation mode of the membrane remains.
We can observe that the deformation of unit cells is divided into two
types: the peripheral unit cells have less unit cell interaction, and the
facet is slightly stretched (type I); the inner unit cells have full interac-
tion, and the facet is stretched large (type II). The strips are not affected
by the position.

2.4. Analytical model

The membranes are the dominant deformation component of the
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TSM and significantly influence the mechanical characteristics of the
structure. An analytical model was created to assess the deformation by
considering the membrane’s elastic deformation while ignoring the
small deformations of the relatively rigid spiked plates. Because the
membrane is very thin and soft, its bending deformation was not taken
into consideration. Therefore, the model only considered in-plane
stretching deformation, which is regarded as a tensile network
following the tensegrity concept. The assumption helps reduce the
complexity of the analytical derivation while providing enough accu-
racy for evaluating the structure’s performance.

As shown in Fig. 6 (a), for a single unit cell, the tension in the
membrane is concentrated between the struts as four tensile strips, EA,
EB, EC, and ED, indicated by red lines. These tensile strips arise inher-
ently from the geometric layout and can be simplified to linear tensile
elements in the analytical model. Each strip is then modeled by a bar
element possessing axial stiffness, which offers a relatively accurate
approximation of the membrane’s tension behavior [77]. When two unit
cells are combined, as shown in Fig. 6 (b), an interaction happens be-
tween the cells. The area AEBG further generates four secondary tensile
strips FA, FB, FE, and FG (blue lines). As line EG moves down following
compression of the top struts, line AB tends to remain stationary with the
bottom struts, so they stretch each other and generate a balance point F.
On this foundation, an analytical model was built for TSM, as shown in
Fig. 6 (c). The analytical model comprises two tensile networks inside
and between the unit cells.

The derivation of the analytical model is based on the linear-elastic
material model (6 = Ee). It is assumed that the ends of the bar ele-
ments are fixed to struts. Specifically, the ends on the bottom structure
remain stationary, while those on the upper struts move in response to
compression. The analytical model is calculated using an explicit
method.

The axial stiffness of the bar element is defined as [36]:

E.A.

@

kbar =

L

Facet

Strip

Effective stress (MPa) @

Fig. 5. Deformation mode of TSM. (a) Deformation mode at different amounts of compression. (b) The von Mises stress distribution in the membrane - a tension
network is formed. Orange boxes highlight the strips and facets of the membrane’s deformation patterns. Red and grey boxes show peripheral and internal unit cells
(type I and II).
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Fig. 6. Schematic of the analytical model for (a) a unit cell and (b) two adjacent unit cells. The arrows denote the direction of force transmission. For one unit cell,
the deformation of the membrane is simplified as four tension bars (red line). For two unit cells, four additional tension bars (blue line) are generated between unit
cells. (c) The simplified tension network structure of the entire membrane. Filled and hollow circles were used to represent the top and the bottom struts, respectively.

where E,, is the elastic modulus of the membrane, A, is the effective area
and L is the initial length of the equivalent virtual bar.

The basic deformation energy function of one bar element in the
tensile network is assumed to be:

1E,A.
2 L

EnA.
= Fm (1e2), @

1
U= Ek,,a,Al2 =

where ¢ is the linear strain and ¢ = Al/L.

The definition of bar area needs to consider the strut diameter and
the surface deformation of the membrane. The width of the tension
strips is larger than the struts’ diameter. The effect is estimated by
introducing Poisson’s effects for tensile loading. The bar areas are then
defined as:

A, =t(1+20)D, 3
where t is the membrane thickness, and D is the strut diameter.

The length of the bar elements during compression is a function of
displacement. For the network connecting struts directly (red network),

the length is [g4 = ,/52 + Lf:A. For the network between unit cells (blue

network), the length is lza = 1/(6/2)® + L2,. As parts of the membrane

are fixed onto the end of the struts and not deformed, the bar length
needs to remove this part. The bar length is then defined as:

L'=L-Dandl =1-D. (&)
The strain of the bar element is defined as [54]:

LI
-5

Thus, the deformation energy stored in TSM is given by:

()

EA, EA,

2

2
\/*+ 12, —Lia
\/&+L2, —D

U=

(N1 Lgaa +NaLpper,) =

where, N; and Nj are the number of bars in the two layers of the
network, respectively. N7 and N are related to the number of unit cells
N. N; = 4N and N, = 4(2N — m, — 0.5m;), here m. and m; are the
number of unit cells at the corner and side, respectively. For the current
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Fig. 7. Comparison of the compressive force-displacement curves of the finite
element simulation and the analytical model.

TSM, m.=4 and ms=4, so that N;=36 and N,=48.
The compression force of TSM corresponding to displacement § is
derived by

_du
=3

A comparison of the results from a numerical simulation and the
analytical model is shown in Fig. 7, without considering prestress. The
simplified analytical model provides reasonable estimations for the
mechanical behavior of the TSM under compression.

F )

When TSM is preloaded by 3 to induce prestress, if the peripheral

2
(86/2)% + 12, — Lpa

+Nz(Lpa — D) | —F———— ) (6)

(5/2)* + 1%, —D

cables are rigid, the force-displacement curve of TSM could be translated
from the original curve (Fig. 8):

F=F(5+3). €)

However, the peripheral cables are not rigid. When considering the
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Fig. 8. Effect of preloading distance & on the compressive force-displacement
curves of TSM, calculated from the analytical model, without preloading.

peripheral cables’ deformation, they elongate Al. after preloading.
Therefore, the initial compression of TSM first leads to slackness of the
elongated cables. The axial stiffness of the peripheral cables is defined as
[36]:

_ EcAc
L3

ke ©)]

where E, is the elastic modulus of the cables, A, is the cross-sectional
area, L. is the initial length of cables without preloading.

The elongation of cables Al is from the equilibrium of forces be-
tween the cables and the metamaterial:

F(3 — AL) = nk AL, 10)

where n is the number of peripheral cables.
The compression force of TSM with preloading is divided into two
stages:

nk.s, & < Al; (Stage I)

F= {F(5+§_ AL), &> Al (Stage I)” an

A comparison of the results of a numerical simulation and the
analytical model is shown in Fig. 9, considering a preloading distance of
3 mm. The analytical model agrees well with the numerical simulation
result.

30 ' - ; ; ' -
3 Preloading 3 mm
2
~20r1 T
Z
P 0
o 0 0.1 0.2
<
10 | 1
— Simulation
— Analytical model
0 L 1 1 1 L 1

0 1 2 3 4 5 6 7
6 (mm)

Fig. 9. Comparison of the compressive force-displacement curves of the finite
element simulations and the analytical model. A preloading & of 3 mm
is applied.
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The elastic modulus k* of TSM corresponding to displacement § is
derived by

k= = 12)

Fig. 10 shows the elastic modulus of TSM in response to various
material properties and preloading distances. The initial elastic modulus
(Stage I) of TSM (6 < AL) is only related to the elastic modulus of the
peripheral cables E,. In Stage 11, the elastic modulus of TSM dramatically
decreases by two orders of magnitude, and Fig. 10 (b) shows the elastic
modulus of TSM at § = Al.. The preloading distance and the elastic
modulus of the membrane E,, effectively tune the elastic modulus of
TSM.

3. Results

In this section, the mechanical behavior of TSM is discussed in detail
for different loading conditions and preloading distances. The simula-
tions also show the shear deformation behavior of TSM. Furthermore,
load distribution capability is examined by localized loading. The final
part of this section quantifies the impact mitigation property of the TSM,
which is also tunable by modifying the prestress level through
preloading.

3.1. Tunable compressive mechanical properties

The simulation of TSM goes through three processes, namely pre-
loading, holding, and loading, as illustrated in Fig. 11 (a). The pre-
loading process is the tuning of TSM. Through shrinking the length of
peripheral cables, the prestress is generated and distributed through the
entire structure. The prestress increases as the preloading proceeds. In
the holding process, the length of peripheral cables is no longer changed,
and the prestress is maintained in the structure, as shown in Fig. 11 (b).
Then, the loading process is the formal application of TSM. As
mentioned above, the internal forces of cables first release sharply and
divide the loading process into two stages.

The preloading process of TSM could be seen as a quasi-static
compression process. The preloading distance is equivalent to the
compression distance. Multiple displacement-controlled loading-
unloading cycles with progressively increasing displacement (2, 3, 4, 5,
6, and 7 mm) were performed to measure the mechanical properties, as
shown in Fig. 12. When the compression is less than 4 mm, TSM shows
an ideal elasticity that the loading and unloading process follows the
same curve. Then, TSM exhibits a hysteresis effect when the compres-
sion is larger than 4 mm. At this moment, the strains in the membrane
are inhomogeneous. When the TSM unloads, the parts with different
strains will hinder each other’s potential energy release. As the strain of
the membrane increases, the hysteresis effect is enhanced.

In the loading process, the force-displacement curves of TSM with
different preloading distances are shown in Fig. 13 (a). Stage I is the
release of taut cables, so the preloading does not affect the stiffness. The
maximum force of Stage I is limited by the cables’ prestress. In Stage II,
the slope of the curve is determined by the preloading distance. It comes
from the change of stretch angle between the struts and membrane. A
large stretch angle will increase the strain increment of the membrane
and the vertical component forces. The average stiffness of the TSM in
Stage Il increases as the preloading distance increases. As the preloading
distance increases, the linearity of the metamaterial also improves. With
a preloading of 5 mm, TSM nearly shows a bilinear force-displacement
curve. The hysteresis effect from the preloading process is transferred
to the loading process and continues increasing with compression dis-
tance. The energy dissipation capability is increased as preloading, as
shown in Fig. 13 (b).

In Fig. 14, the effect of the stretch angle of the membrane on the
force-displacement curves of TSM was evaluated. The stretch angle of
the membrane increases with the preloading distance, which converts
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Fig. 10. TSM with tunable elastic properties at the two stages of (a) 8§ < Al. and (b) 6 = AlL.
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Fig. 11. (a) The internal force of peripheral cables in the three processes of preloading, holding, and loading. (b) Deformed shapes and von Mises stresses of TSM at

the holding state with a preloading distance of 3 mm.
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Fig. 12. Force-displacement curves under loading-unloading cycles. The cycle
displacement is increased progressively.

more of the membrane’s tension to vertical force. However, the
maximum stretch angle is limited due to the geometric structure, so the
change of stretch angle gradually decreases (Fig. 14 (a)). This is reflected
in the linearity of the loading curves increases, as shown in Fig. 14 (b).
Thus, the nonlinearity of TSM is a geometric nonlinearity.

3.2. Shear deformation behavior

Shear deformation simulations were carried out to explore the effect
of loading direction on the mechanical properties of TSM. The bottom
plate was fixed, and the upper plate applied a force in the in-plane di-
rection, as shown in Fig. 15 (a). The force direction was selected as 0°,
15°, 30°, 45°, 60°, 75°, and 90°. Fig. 15 (b) shows the von Mises stress
distribution in the membrane. Due to the constraint of peripheral cables,
the shear deformation of TSM follows the parallelogram law. The upper
plate is always parallel to the bottom plate, so the struts stretch the
membrane uniformly. Compared with the out-of-plane deformation,
only half of the membrane is tensioning, and the other part compresses
to wrinkle. As the force direction changes, the number of tension strips
changes from sixteen to nine at 0° and 45°.

In Fig. 15 (c), the shear forces of TSM are compared with the out-of-
plane forces. For shear deformation, the force direction and the
stretching direction are in the same plane, so the stretching of the strips
is more direct. For out-of-plane compression, the declination angle be-
tween the compression and stretch directions decreases the compression
force. Therefore, when subjected to oblique loading, TSM tends to
compress rather than shear, and TSM has a good transverse strength. The
shear forces at 0° and 45° are nearly identical. This may be because the
surface deformation of the membrane compensates for the influence of
the angular change, which is superior to a single tensile network.
Therefore, in Fig. 15 (d), the shear moduli of TSM are insensitive to the
shear direction, and TSM is transversely isotropic.

The shear moduli can be derived from [78]
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Fig. 13. Reprogrammable static mechanical properties. (a) Force-displacement curves of TSM under different preloading distances. The loading curves are divided
into two stages due to preloading. (b) Tunable energy absorption characteristics of TSM.
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Fig. 14. Geometric nonlinearity of the TSM under compression. (a) Simplified geometrical configurations of the TSM under different preloading. The blue rectangle
indicates the struts, and the yellow lines represent the membrane along the diagonals. (b) Force-displacement curves for TSM with different preloading. The curves
are subtracted by the cables’ force F to highlight the impact of large deformation of the membrane.

G = B/ A”, a3
8¢ /Ly

where Fy and &, represent the shear force and displacement, A, and L,
represent the area and width of the plate, respectively.

3.3. Load distribution performance

In Fig. 16, the load distribution capability of TSM was validated
compared to a non-tensegrity structure. Here, we applied a point load of
12 N on the center of the top plate to both a simple lattice sandwich
structure and TSM without preloading. The stress distribution of the
lattice structure is highly concentrated, and the maximum von Mises
stress reaches up to 8.2 MPa. The deformation in non-tensegrity struc-
ture is localized and hard to spread transversely. In contrast, the
deformation of TSM was highly uniform, and the stress was evenly
distributed within the structure, which decreases the maximum von
Mises stress to 0.3 MPa. Even under eccentric loading, TSM maintains
stability and excellent load distribution capability, as illustrated in
Fig. 17. The peripheral cables counterbalance the torque caused by the
eccentric loading.

3.4. Tunable dynamic responses

The impact mitigation performance of TSM is investigated by nu-
merical simulations of a cylindrical object crashing into the TSM by free
fall. The cylindrical object had a radius of 9 mm and a height of 25 mm,
weighing 50 g. Fig. 18 (a and b) present the keyframes during the
experiment and simulation with a falling height of 64.5 mm. The cy-
lindrical object collides and rebounds several times before it finally stops
on the metamaterial. In the experiment, given that the bottom plate was
not fixed to the ground, part of the impact energy was absorbed by
TSM’s dynamic energy. TSM rebounded together with the cylindrical
object into the air, which decreased the rebound height of the cylindrical
object. Both the experiment and simulation show good recoverability
and energy dissipation of TSM. Fig. 18 (c-e) shows the dynamic re-
sponses of the TSM during impact from simulations. The cylindrical
object’s rebound height, impact velocity, and contact force decrease
gradually. The impact induces oscillation of the TSM, but the oscillation
dampens rapidly.

Compared with the previous quasi-static analysis, the quasi-static
compression represents a single maximum-value compression, while
the dynamic test undergoes multiple and decreasing cyclic compres-
sions. The impact energy is dissipated gradually by TSM. Due to the
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Fig. 18. Impact resistance of the TSM. (a) and (b) Snapshots of the impact process from experiment and simulation. The cylindrical object falls from a certain height.
The TSM is preloaded 1 mm. Variation of (c) vertical positions, (d) impact velocity, and (e) contact force during impact. The curves are tracked from the center of
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object finally stopping at the surface of TSM, the dynamic energy excellent tunability for the dynamic response. For example, we can

dissipation capacity is only related to the maximum loading curve. In customize a constant impact force or velocity corresponding to different

contrast, the quasi-static energy dissipation must consider the unloading falling heights, as shown in Fig. 19 (a and b). Fig. 19 (c and d) depicts the

curve. As a result, the energy dissipation in dynamics is larger than that energy dissipation of TSM at the first and second collisions. A high

of the quasi-static. preloading distance mitigates the influence of falling distance, leading to
The tunable dynamic properties of the TSM are demonstrated in nearly constant energy dissipation.

Fig. 19. Here, the symbol A denotes the distance between the cylindrical
object’s bottom surface and the TSM’s top surface. The distance A ranges
from 3 to 33 mm in numerical simulations. The TSM also exhibits

10
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3.5. Comparison of impact mitigation capability

The impact mitigation capability of a metamaterial is evaluated by
mitigation ratio 5. The lower the 1, the better the impact energy miti-
gation capacity of metamaterials. The mitigation ratio # is defined as the
ratio between maximum output acceleration and maximum input ac-
celeration [60,79,80]. Here, the acceleration of the upper and bottom

11

plate of TSM was recorded from the dynamic simulations as the input
and output acceleration, as shown in Fig. 20 (a). The mitigation ratio 5 of
TSM without preloading is 0.136.

Subsequently, in Fig. 20 (b), the mitigation ratio of TSM was
compared with that of DNA-inspired double helical metamaterials
(DDHM) [80], syndiotactic chiral metamaterials (SCM) [81], local
resonant metamaterials (LRM) [82], internal resonator metamaterials
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(IRM) [79], meta-panel bars (MTB) [83], tri-layer polymers (TLP) [84],
hollow spherical structures (HSS) [85], sandwich-structure woodpile
metamaterials (SSWM) [86], Kirigami lantern chains (KLC) [87], and
tensegrity-inspired metamaterials (TIM) [60]. TSM can achieve a high
mitigation ratio through a single-layer structure and tune the mitigation
ratio within the range of 0.136-0.204.

4. Conclusions

This work presents a tensegrity-inspired sandwich metamaterial
(TSM) designed for reprogrammable mechanical properties and efficient
fabrication. The TSM is successfully fabricated by assembling ropes, an
elastic membrane, and spiked plates. An analytical model is established
to investigate the tunable stiffness of TSM. Through finite element
analysis and experiments, the mechanical behavior of the TSM is
analyzed, including deformation modes, stiffness, load distribution, and
dynamic impact mitigation.

TSM realizes a virtual network of tensile forces by the surface
deformation of the continuum membrane. This virtual tensile network
offers excellent stress distribution and delocalized deformation capac-
ities, solving the stress concentration problem under localized loading.
Peripheral cables are used to provide convenient prestress adjustment.
Through adjusting the length of the peripheral cables, TSM exhibits a
highly tunable range of properties, reaching 50% of its height, that
changes its stiffness in a large range, such as zero, progressive, and
constant stiffness. Consequently, the energy dissipation efficiency of the
TSM is tunable within the range of 20%-56%. Finally, the TSM achieves
a high mitigation ratio up to 0.136.

The TSM demonstrates significant potential for applications in
impact mitigation and adaptive structural systems. Its ability to
customize static and dynamic responses offers possibilities for new
protective materials and systems. However, if the compression distance
of the current TSM exceeds 50% of height, it faces the buckling of struts
and may lose the tuning capacity. Moreover, the current TSM can only
dissipate energy under unidirectional compression, but lacks the energy
dissipation capacity under tension direction. Future work could consider
incorporating multi-material designs, employing machine learning
techniques to optimize the structural topology for specific mechanical
properties, or substituting cables with superelastic components to
improve impact mitigation and vibration control. Overall, this research
establishes a foundation for further exploration into reprogrammable
and robotic metamaterials, exhibiting great potential applications in
many engineering fields, including civil, mechanical, and aerospace
engineering.
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