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A B S T R A C T

This research focuses on the development of a high-performance metamaterial that combines dissipation and
resilience, a subject of growing actual interest in vibration and impact mechanics as part of the quest for avant-
garde self-recovering materials. In this context, a high-performance resilient layered metamaterial with alter-
nating chiral topology is conceived and analyzed. Specifically, the single layer is realized via the periodic as-
sembly of rigid disks connected by elastic ligaments and stacked using passing pins. The metadevice is formed by
stacking layers with alternating chirality. This configuration induces relative rotations between the aligned discs
in contact when in-plane forces are applied. Frictional dilating interfaces between adjacent disks produce a
dissipative and resilient mechanical response, returning to the initial configuration at the end of the unloading
phase. Specifically, the dissipative mechanism is designed to significantly attenuate vibratory motions and/or
absorb energy during impact processes, while being reusable after the dynamic actions have acted on the
metamaterial. This cutting-edge metamaterial offers several advantages over current technologies: i) hysteretic
response with maximum dissipation of mechanical energy and high stiffness; ii) reuse of the device without
external interventions, restoring the initial configuration at the end of the dynamic process; iii) multi-directional
dissipative response; and iv) bilateral response, providing equal performance under both traction and
compression.

1. Introduction

Resilient energy-absorbing metamaterials are a class of engineered
materials that are showing great promise in many technological appli-
cations to mitigate shock damage or dampen vibrations. Compared to
traditional damping/shock absorbing materials, which base their in-
elastic response on the viscoelastic properties of amorphous polymers
[1–3] or on the plastic deformation and crushing of metal foams [4,5],
dissipative metamaterials may achieve a virtuous combination of high
damping and high stiffness [6]. Moreover, while viscoelastic materials
retain their efficiency at the end of a dynamic process, with the dissi-
pated energy depending on the timescale of load application, materials
undergoing plastic deformation and crushing perform better but are not
reusable after an energy absorption event. Various micro-architected
materials with mechanical energy absorption capacity have been pro-
posed in the literature, supported by advancements in additive
manufacturing techniques (see for instance [7]).

Several micro-architected metamaterials have been proposed, with
energy absorption systems primarily dependent on the destructive

modification of their microstructure [8–10]. Examples include periodic
metallic honeycombs [11], various types of metallic microlattices
[12–16], ceramic nanolattices [17], hierarchical architected meta-
materials [18], chiral microlattices [7], viscoelastic metastructures
made with elastomeric polymers [19], patterned thin-walled meta--
structures [8], shape memory alloys [20] to name a few.

Micro-structured periodic materials designed to trap elastic strain
energy through metastable periodic cell assemblies have been proposed
and tested by several scholars. Some microstructures exhibit force-
displacement performance of the unit cell tailored to create self-
recovering materials, which return to their original configuration after
each energy absorption event, or reusable but non-self-recovering ma-
terials, where the deformed microstructure must be actively restored.
However, in most cases, materials that are reusable but not self-
recovering have been developed, requiring active intervention to re-
turn the deformed metamaterial to its original configuration. Periodic
micro-structured materials were proposed in [21], featuring a repre-
sentative cell composed of bistable tilted beams that switch to an
alternate stable configuration, exhibiting hysteresis during loading and
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unloading, with elastic reversibility of the transformation. Reusable,
self-recovering energy-absorbing materials with periodic microstruc-
tural cells formed by sinusoidal beams acting as elastic bistable or
metastable mechanisms were proposed and tested in [22,23]. In addi-
tion, an extensive theoretical analysis of the characteristics of mechan-
ical metamaterials based on snap-through elements, including the
behaviour of a finite number of unstable elements, was conducted [24].
In this context, several lattices with varying cell topologies have been
proposed to maximise energy dissipation while ensuring reusability and,
where possible, self-recovery of the devices [25–31]. In [32], architected
materials with tunable shear behaviour and high energy dissipation
have been proposed, while in [33] a shear-induced, multi-stable dissi-
pative metamaterial featuring magnet systems arranged periodically
within the microstructure has been developed. Recent proposals for
three-dimensional microstructured materials include cells made of
multistable disks and conical shells [34,35], as well as lattices [36–40],
aimed at achieving reusable energy-absorbing materials. In this context,
the properties of chiral topological lattices with multistable cells are
particularly relevant for designing reusable and self-recovering ener-
gy-absorbing materials. Moreover, lattices with chiral cells composed of
bistable tape springs that connect rotating and translating disks have
been proposed and analyzed in [41]. Following this, a periodic micro-
structure with unit cells that undergo a series of stable configurations,
derived from the sequential insertion of the plug into the groove of the
snap-fit in the cell, was proposed in [42]. These mechanisms are a source
of energy dissipation under compression and ensure the reusability of
the system. A similar dissipative material was developed in [43], where
a self-recoverable negative stiffness metamaterial with enhanced
bearing and energy dissipation capacity was achieved through mutual
extrusion and friction between a snap plug and a layered snap groove.
The metamaterial proposed in [44] combined bistable behaviour with
friction-based elements to achieve remarkable damping properties. A
new unit cell was designed, incorporating both a spring and a snap-fit
element. A similar approach was followed in [45], where a two-phase
material cell system incorporating a multistable device resulted in a
reusable dissipative system. In [46], a two-layer metamaterial was
proposed, with each layer featuring an identical pattern but opposite
chirality (see [47]), designed to achieve relative rotation between
aligned nodes controlled by a multistable elasto-magnetic device. Nu-
merical simulations conducted by the authors revealed significant en-
ergy dissipation under normal stresses and limited energy absorption
under shear stresses

An alternative approach to developing new metamaterials for reus-
able and/or self-recovering energy absorption involves coupling self-
tensioning stretchable components with frictional devices that dissi-
pate energy. In this context, it is important to highlight that this tech-
nique has recently been extended to the structural level to design
dissipative and reusable structural elements in [48–50], and its
bio-inspired nature has been demonstrated in [51]. A metamaterial was
proposed and tested in [52], where repeated unit cells combine rigid
granular materials with frictional interactions and compliant stretchable
components, designed to achieve bistability or multistability. Simple
experiments demonstrated that, for certain configurations of granules
and elastic components, exceptional energy absorption and
self-recovery could be achieved. In this regard, it is important to note
that designing microstructures capable of accommodating displacement
discontinuities between internal surfaces in contact within the periodic
cell—controlled by appropriate passive or active mechanical (e.g.,
frictional) or electromechanical devices—may be particularly useful for
achieving dissipative and self-recovering material behaviours. A meta-
material was developed in [53], where the periodic cells are designed to
trigger internal Coulombic frictional sliding between contact surfaces of
elastic components strategically positioned within the cell when sub-
jected to uniaxial loading and unloading, enabling repeatable energy
dissipation. Several unit cells were designed with a central arrow-shaped
feature and two cantilevered legs that contact and bend against the

arrow under load. As the legs bend, contact force increases and the ar-
row’s sliding motion relative to the legs generates frictional dissipation.
The experimental response of single cells and cell groups to pulsating
uniaxial compression showed a stable, trilinear behaviour, exhibiting
notable energy dissipation and self-recovery—i.e., unloading to the
undeformed state at the end of each cycle—resembling the behaviour of
micro-cracked materials with internal friction (see, for example [54]).
An analogous frictional metamaterial was proposed in [55], consisting
of a central hexagonal or re-entrant honeycomb frame, a lower section
with four tapered columns, and an upper portion with a blade shape. The
metamaterial is characterized by remarkable energy dissipation and
stiffness under compressive stress. A friction-based energy-dissipating
metamaterial for bidirectional loading was adopted in [56]. Their design
incorporates a periodic cell with two orthogonal axes of symmetry,
consisting of four spirals and straight walls that create a gap between
each spiral’s inner tip and the boundary wall. At low compressive forces,
this compliant structure facilitates frictional sliding between internal
surfaces once a certain axial displacement is reached, enabling energy
dissipation and full self-recovery at the end of each loading-unloading
cycle. A dissipative, self-centering metamaterial under compression
was proposed in [57], with a unit cell designed to generate significant
frictional forces. The load applied to the edge of the unit cell is redir-
ected to its interior, utilizing a mechanism similar to the re-entrant
honeycomb structure to produce lateral contraction under compres-
sive forces. This contraction generates a normal force on the frictional
sliding surfaces within the structure, thereby controlling the compres-
sion along the direction of the externally applied force. A new family of
3D tiled auxetic metamaterials demonstrating remarkable resilience
under large deformations and significant hysteresis under cyclic
compressive loading was proposed in [58]. A space-filling tessellation of
octahedrons and cuboctahedrons is connected through devices with
tailored elastic-frictional behavior. Themetamaterial is characterized by
notable energy dissipation and self-recoverability under compression. A
micro-structured material incorporating a friction-based energy dissi-
pation mechanism was introduced in [59,60]. This integration enhances
both the effective stiffness and the auxetic effect. The response of both
the unit cell and its periodic assembly to compressive stress exhibits a
hysteretic, self-centering behavior, characterized by limited stiffness
and moderate energy dissipation.

Despite these significant contributions, the challenge of identifying
the optimal microstructure to achieve the following performance
criteria remains open: (i) a hysteretic response with maximum me-
chanical energy dissipation and stiffness; (ii) reusability of the device
without external intervention, allowing it to return to its initial config-
uration after the dynamic process; (iii) multi-directional dissipative
response; and (iv) bilateral response, with symmetrical behavior under
both tension and compression.

This study tackles the challenge by proposing a resilient meta-
material that fulfills these requirements. An energy-absorbing layered
metamaterial, composed of repeated lattices with alternating chiral to-
pologies and a periodic arrangement of rigid disks connected by elastic
ligaments, is proposed. The rotational mechanism observed in chiral
lattices [61–65] inspired the development of novel three-dimensional
metamaterials, achieved by layering chiral lattices with alternating
chirality. This configuration induces relative rotations between disks in
adjacent layers, controlled by frictional interactions that facilitate en-
ergy dissipation. A similar simplified model was proposed in [66], based
on a micropolar description of the layers. The material response was
analyzed under the assumptions of a homogeneous displacement
gradient and uniform rotation, deriving the model’s behavior within the
framework of a standard Cauchy continuum. The layered metamaterial
is described in greater detail through a discrete Lagrangian model,
relaxing the assumption of transverse rigidity of the pins and adopting a
frictional-dilatant interface model. This approach enables the treatment
of more general biaxial tension/compression states and facilitates the
evaluation of its dissipative properties, which are found to be
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Fig. 1. View of the metamaterial and considered chiral topologies: (a) portion of hexachiral layer; (b) a portion of the stratified medium; (c) tetrachiral lattice;
(d) square-based hexachiral lattice; (e) regular hexachiral lattice.

Fig. 2. The interface between adjacent disks: (a) detail of the dilatant interface between disks of two contiguous layers; (b) the interaction generalized forces
between the disks; (c) dilatant mechanism is governed by the relative rotation between the disks and displacements at the points of contact between the disks; (d)
detail of the dilatant mechanism associated with an interface tooth.
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exceptional, confirming that the model’s response meets the required
specifications. Several examples are discussed, from which the proper-
ties of the model and its limits of validity can be deduced.

2. The energy dissipating multi-layered metamaterials with
alternating chirality

The proposed energy-absorbing metamaterial is based on internal
frictional devices formed by a layered assembly of periodic lattices
having alternating chirality (Fig. 1a). Each layer consists of a periodic
arrangement of rigid disks of thickness b, connected by m slender,
straight elastic ligaments of length ℓ and rectangular cross-section s ×h
(see Fig. 2a). The lattice features a chiral topology (Fig. 1), defined by
the angle β between each ligament and the line connecting the centers of
adjacent disks, as shown in Fig. 1c-e for lattices with positive chirality
(β> 0). The peculiarity of these lattices lies in the rotational response of
the disks when overall tractions are applied, with the direction of
rotation depending on the sign of the chirality [61–64].

The stratified system is assembled using elastic pins that pass
through the aligned discs and are secured at the ends with appropriate
nuts, as shown in Fig. 1b. Once in-plane boundary displacements or
forces are uniformly applied along the thickness of the metamaterial
(unit vector e3), relative rotations between the disks of adjacent layers
with opposite chirality can occur [47]. The disks are designed to rotate
freely around the pins. Consequently, the relative rotation between the
disks is controlled by the interaction couples between the disks them-
selves, which are governed by friction. Frictional tractions between the
contact surfaces of adjacent disks are generated by compressing the
disks orthogonally to their plane, an effect achieved when the pins are
subjected to tension. In this model, the traction of the pins is obtained by
superimposing the initial traction N0, achieved by appropriately tight-
ening the nuts at the ends of the pins, with the additional traction
generated by the dilatant mechanism associated with the relative rota-
tion between the disks, which is based on the sawtooth interface shown
in Fig. 2.

The traction of the pin can be written as N = N0+ NΔϕ, where the
second term is linearly related to the transverse dilation ε3 = v

b in the
form NΔϕ = EpApε3, Ep and Ap being the elastic modulus and the cross-
section of the pin, respectively. In the mechanical model under consid-
eration, friction effects are assumed to arise from the relative rotations
between the discs, while relative displacements are disregarded, as they

are negligible (as demonstrated in Section 4.2). From the kinematic
model in Fig. 2d, it follows that the vertical component of the relative
displacement v = utanθ depends on the angle θ of inclination of the teeth
of the interface. Here u = ϕΔr is the relative displacement between two
contacting disks and depends on their relative rotation ϕΔ and r the
radius of the circle relative to which the system description is referenced
(see Fig. 2b). The axial force N = N0 + EpAp

r
b tanθϕΔ turns out to be the

compressive force acting on the disks and can be evenly distributed
amongm portions of the disk, wherem is the total number of teeth. If the
m-th portion is considered (see Fig. 2d) the compressive force per unit
length of the reference circle is n = N /2πr, while the corresponding
tangential force, resulting from the interface couple c, is expressed as t =

c /2πr2. If the contact configuration at incipient infinitesimal sliding is
considered, as illustrated in Fig. 2d, and it is assumed that the contact
tractions σ and τ defined on the reference circle are uniform along the
contact line (see Fig. 2b), the following relationships can be derived
from equilibrium

σ = 2ncos2θ + 2tsinθcosθ,
τ = − 2nsinθcosθ + 2tcos2θ.

(1)

If the friction limit state à la Coulomb φ(σ, τ) = |τ| − fσ ≤ 0 is
assumed, being f the friction coefficient, the plastic-attritive admissi-
bility condition governing the relative rotation between the disks and
the interface couple c can be expressed in the following form

φ∗(c,ϕΔ,N0) = |c − (N0r + ktanθϕΔ)tanθ|+
− f [ctanθ + (N0r+ ktanθϕΔ)] ≤ 0 (2)

which depends on the interface couple c, the relative rotation between
the discs ϕΔ, the initial axial force N0 applied on the pin and the constant

k =
EpApr2

b . It can be observed that in case of plane interfaces, namely θ =

0, then the plastic-attritive admissibility condition takes the form of
perfect plasticity

φ⌢(c,N0) = |c| − fN0r ≤ 0. (3)

These are two actions that can be accomplished independently. In
the scenario where only pre-tensioning of the pins is active, with no
asperities at the interfaces (θ = 0), a highly dissipative system is ach-
ieved depending on the friction coefficient. However, this system can
only be reset for reuse by releasing the pre-tensioning through
unscrewing the nuts.

Fig. 3. Kinematics of adjacent nodes for opposite chirality: (a) detail of the dilatant interface between disks of two contiguous layers; (b) dofs of the reference
periodic cell and those the i-th adjacent one.
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In the case of saw-tooth interfaces with frictional contact and no pre-
tension, it will be shown that relative rotation, denoted as ϕΔ, occurs at
the beginning of the load history. As the relative rotation increases, the
axial force in the pin also increases due to the dilatancy effect, thereby
enhancing the frictional couple. In this scenario, a dissipative response is
achieved, as it will be shown in Section 4.1. However, upon removal of
the applied external forces, the metamaterial returns to its initial
configuration, as demonstrated in the case of homogeneous de-
formations by Bacigalupo et al. [66], thereby highlighting its
self-centering and reusability properties.

3. The discrete Lagrangian model

From the description of the layered metamaterial provided in Section
2, a discrete Lagrangian model can be defined as described below. The
periodic structure of the layers along the e3 direction (see Fig. 1a) and
from the assumption of periodicity of the generalized forces acting on
the layers imply the periodicity of the in-plane displacements and ro-
tations of the rigid disks stacked along the generic h-th pin (h being the
pin label, h = 1, ..,N) labelled as u+

h , u
−
h , ϕ+

h and ϕ−
h referred to the layer

having positive and negative chirality, respectively, as shown in Fig. 2a
(in the following the superscript + or – denote the positive and negative
chirality layer).

A discrete Lagrangian micro-mechanical model having six in-plane
degrees of freedom for each node may be formulated. If the average
and difference state variable defined through the average operator •

= 1
2(•

+ +•− ) and the difference operator •Δ = •+ − •− are introduced
(see also [66,67]), so implying the inverse operators •± = • ± 1

2•
Δ, the

Lagrangian function referred to the periodic layer of thickness 2b and
composed by two adjacent layers having positive and negative chirality
may be introduced

L = AN
h=1

⎧
⎪⎨

⎪⎩

T(u̇, u̇Δ
, ϕ̇, ϕ̇

Δ
) −

∑m

i=1
Πi
(
u,uΔ,ϕ,ϕΔ,ui,uΔ

i ,ϕi,ϕ
Δ
i
)
+

− Πp(uΔ) − V (u,uΔ,ϕ,ϕΔ)

⎫
⎪⎬

⎪⎭
, (4)

where the symbol AN
h=1 denotes the properly defined operator assem-

bling the contributions of all the N nodes, the sum is extended to the m
ligaments connecting the reference disk (m being the coordination
number), (u,uΔ,ϕ,ϕΔ) denotes the average and difference generalized
displacement of the reference h-th node, while

(
ui,uΔ

i ,ϕi,ϕΔ
i
)
the

generalized displacements of the node connected through the i-th liga-
ment (see Fig. 3a,b).

The contribution to the total kinetic energy of the two disks centred
at the reference node is

T(u̇, u̇Δ
,
˙ϕ, ϕ̇

Δ
) = Mu̇⋅u̇+

1
4
Mu̇Δ⋅u̇Δ

+ I ˙ϕ
2
+
1
4
I(ϕ̇Δ

)
2
, (5)

withM and J the mass and the polar inertia of the disk, respectively. The
potential of the generalized forces acting on the referred disk may be
written in the form

V (u,uΔ,ϕ,ϕΔ) = − 2f⋅u −
1
2
fΔ⋅uΔ − 2mϕ −

1
2
mΔϕΔ, (6)

where f, fΔ, m, mΔ are the average and difference of the forces and
couples applied to the disks, respectively, with periodic distribution
along the thickness. The disks aligned along a pin interact through two
separate contact regions. The first interaction between two adjacent
disks takes place through the contact forces acting on the pin. Since the
pin is designed to behave elastically with no frictional interaction with
the disks, its effect may be synthetically described through the shear
elastic potential energy

Πp(uΔ) =
1
2
Kp(u+ − u− )

2
=
1
2
Kp(uΔ)

2
, (7)

Kp being the shear stiffness of the pin. Vice versa, the contact forces
acting on the lateral surfaces of adjacent disks have a plastic/frictional
character, i.e. are source of energy dissipation, and are synthetically
described in terms of interaction couples denoted as c+ and c− , respec-
tively. Thus, following Podio Guidugli and Virga [67] and Hackl et al.
[68], a Rayleigh-like dissipation function can be introduced

R(ϕ̇+
, ϕ̇

−
) = 2c+ϕ̇

+
+ 2c− ϕ̇

−
= 4c ˙ϕ + cΔϕ̇

Δ
= R∗(

˙ϕ, ϕ̇
Δ
). (8)

Due to the principle of action and reaction it follows c+ + c− = 2c =
0 and cΔ = 1

2 (c
+ − c− ) = c+ = c so that the contribution of the referred

node to the dissipation function takes the following form

R( ˙ϕ, ϕ̇
Δ
) = cΔϕ̇

Δ
= cϕ̇Δ

. (9)

According to Gambarotta and Bacigalupo [65], the contribution to
the elastic potential energy due to the axial deformation of the i-th lig-
ament is written in the form (refer to Fig. 3a,b)

Π±
ai =

1
2

ηiEh
[(
u±
i − u±

)
⋅d±

i −
a
2
sin(±β)

(
ϕ±
i + ϕ±

)]2
, (10)

ηi = s
li being the ratio between the ligament thickness and length, while

the contribution due to the ligament bending is

Π±
bi =

Eshs2ηi

6

⎧
⎪⎪⎨

⎪⎪⎩

[

ϕ± ±
1
l
(
u±
i − u±

)
⋅t±i

]2

+

[

ϕ±
i ±

1
l
(
u±
i − u±

)
⋅t±i

]2

+

+

[

ϕ± ±
1
l
(
u±
i − u±

)
⋅t±i

][

ϕ±
i ±

1
l
(
u±
i − u±

)
⋅t±i

]

⎫
⎪⎪⎬

⎪⎪⎭

.

(11)

The Euler-Lagrange equations of motion of the referred disk are
derived via variational method after proper manipulations of the
Lagrangian and the Rayleigh-like dissipation functions and take the form

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

2Mü+ E
∑m

i
ηih[Gi(u − ui) + af1(β)mi(ϕ + ϕi) + af2(β)ni

(
ϕΔ + ϕΔ

i

)
] − 2f = 0

M
2
üΔ

+ E
∑m

i
ηih

[
Gi

4
(
uΔ − uΔ

i
)
+ af2(β)ni(ϕ + ϕi) + a

f1(β)
4

mi
(
ϕΔ + ϕΔ

i
)
]

+ KpuΔ −
fΔ

2
= 0

2I¨ϕ + Ea
∑m

i
ηih[ f1(β)mi⋅(u − ui) + f2(β)ni⋅

(
uΔ − uΔ

i
)
+ af3(β)(ϕ + ϕi) + af4(β)ϕi ] − 2m = 0

I
2

ϕ̈
Δ
+ Ea

∑m

i
ηih

[

f2(β)ni⋅(u − ui) +
f1(β)
4

mi⋅
(
uΔ − uΔ

i
)
+ a

f3(β)
4

(
ϕΔ + ϕΔ

i
)
+ a

f4(β)
4

ϕΔ
i

]

−
mΔ

2
− c = 0

, (12)
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where the auxiliary quantities

Gi = 2
(
Di + η2Ti

)
= 2

(
d+

i ⊗ d+

i + η2t+i ⊗ t+i
)
=

= 2
[

R(β)(ni ⊗ ni)R(β)T + η2R
(

β −
π
2

)
(ni ⊗ ni)R

(
β −

π
2

)T
]

mi = R
(π
2

)
ni

are introduced in terms of the unit vector ni and the in-plane rotation
tensor R(⋅), as well as the following β− dependent functions

f1(β) = −
1
2
[
1 − η2 −

(
1+ η2

)
cos(2β)

]
, f2(β) =

1
4
(
1 − η2

)
sin(2β),

f3(β) =
1
12

(
3+ 4η2 −

(
3 − 4η2

)
cos(2β)

)
, f4(β) = −

η2
6
(1+ cos(2β)).

By introducing the following macro-vectors collecting the general-
ized displacements of the N disks, with sub-vectors defined as follows
[U]h = uh, [U

Δ
] = uΔ

h , [Θ]h = ϕh, [ΘΔ]h = ϕΔ
h , together with the macro-

vectors collecting the applied and internal generalized forces [F]h = fh,
[FΔ]h = fΔ

h , [m]h = mh, [mΔ]h = mΔ
h , [c]h = ch and the generalized inertia

tensors M = MI2M, J = JIM, IM, I2M being identity matrices of order M
and 2M, respectively, the equations of motion (12) of the nodes of the
layered material may be rewritten in the compact form
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

2M 0 0 0

0
1
2
M 0 0

0 0 2J 0

0 0 0
1
2
J

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎧
⎪⎪⎨

⎪⎪⎩

Ü
ÜΔ

¨Θ
Θ̈Δ

⎫
⎪⎪⎬

⎪⎪⎭

+

⎡

⎢
⎢
⎣

KUU 0 KUΘ KUΘΔ

0 KUΔUΔ KUΔΘ KUΔΘΔ

KΘU KΘUΔ KΘΘ 0
KΘΔU KΘΔUΔ 0 KΘΔΘΔ

⎤

⎥
⎥
⎦

⎧
⎪⎪⎨

⎪⎪⎩

U
UΔ

Θ
ΘΔ

⎫
⎪⎪⎬

⎪⎪⎭

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

2F
1
2
FΔ

2m
1
2
mΔ+c

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

. (13)

If the applied generalized forces are uniformly distributed along di-
rection e3 one obtains FΔ=0 andmΔ=0.Moreover, if no external couple

is applied to the disks, one also obtainsm= 0. In this case, the equations
of motion read
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

2M 0 0 0

0
1
2
M 0 0

0 0 2J 0

0 0 0
1
2
J

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎧
⎪⎪⎨

⎪⎪⎩

Ü
ÜΔ

¨Θ
Θ̈Δ

⎫
⎪⎪⎬

⎪⎪⎭

+

⎡

⎢
⎢
⎣

KUU 0 KUΘ KUΘΔ

0 KUΔUΔ KUΔΘ KUΔΘΔ

KΘU KΘUΔ KΘΘ 0
KΘΔU KΘΔUΔ 0 KΘΔΘΔ

⎤

⎥
⎥
⎦

⎧
⎪⎪⎨

⎪⎪⎩

U
UΔ

Θ
ΘΔ

⎫
⎪⎪⎬

⎪⎪⎭

=

⎧
⎪⎪⎨

⎪⎪⎩

2F
0
0
c

⎫
⎪⎪⎬

⎪⎪⎭

. (14)

Finally, when quasi-static generalized forces and/or displacements
are applied, the resulting equation of equilibrium may be condensed in
the compact form
[
K∗

UU K∗

UΘΔ

K∗

ΘΔU K∗

ΘΔΘΔ

]{
U

ΘΔ

}

+

{
2F
c

}

= 0, (15)

with the nodal average translation U and relative rotation ΘΔ as inde-
pendent variables. To obtain these unknowns the equations (15) must be
coupled with a limit condition governing the relative rotation and the
interaction couples. With the limit condition (2) considered together
with the incremental governing equation of the plastic flow, the linear
elastoplastic problem is derived
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡

⎣
K∗

UU K∗

UΘΔ

K∗

ΘΔU K∗

ΘΔΘΔ

⎤

⎦

{
U

ΘΔ

}

+

{
2F

c

}

= 0

φh
(
ch,ϕΔ

h
)
≤ 0, h = 1,N

δϕΔ
h =

∂φh

∂ch
δλh

δλh ≥ 0, δφh ≤ 0, δφhδλh = 0

. (16)

Finally the solution of problem (16) may be approached using non-
linear solvers based on Newton-Raphson type schemes in displacement
control [69] .

Fig. 4. The tensioned one-dimensional chain: (a) geometry and applied forces; (b) unit vectors characterizing the lattice; (c) kinematics of the disks.
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4. Representative problems

Illustrative analytical and numerical experiments are performed to
highlight the overall dissipative properties of the proposed layered
mechanical metamaterial, where remarkable hysteretic responses are
obtained.

4.1. Analytical simulation of a tensioned one-dimensional chain

To highlight the fundamental aspects of the proposed metamaterial,
let us consider the one-dimensional stratified chain illustrated in Fig. 4a,
consisting of a sequence of opposing disks with radius r, spaced at a
distance a and subjected to a tensile force F at the ends. A generic disk is
denoted by the index j, with j− 1 and j+1 representing the adjacent disks,
respectively. Assuming that the difference in the average displacement
uj+1 − uj = uj − uj− 1 = u between contiguous disks is uniform and that
the average rotation ϕ = 0 and the differential displacement uΔ = 0 are
zero at all nodes, with the relative rotation between each pair of nodes
ϕΔ being constant, the first three equations in (12) turn out to be
identically satisfied (here, the ligament vectors ni and mi, i=1,2, are
defined in Fig. 4b). From the fourth equation in (12) the interaction
couple is obtained, which depends on the displacement u and the rela-
tive rotation ϕΔ between adjacent disks in the form

c = Suu − SϕϕΔ =
Eah
4

η
(
1 − η2

)
sin2βu −

Eηa2h
4

(
sin2β+ η2cos2β

)
ϕΔ

(17)

where the constants Su and Sϕ have been defined. The kinematics of the
ends of the ligaments of the layers with positive and negative chirality,
respectively shown in blue and red in Fig. 4, is illustrated in Fig. 4c. This
allows to derive the internal forces in the ligaments and, consequently,
the force in the chain, which results as a function of the displacement u
and the relative rotation ϕΔ in the form

F = Fuu − FϕϕΔ =
2EA
acosβ

(
cos2β+ η2sin2β

)
u −

(
1 − η2

)
sinβEAϕΔ (18)

where the constants Fu and Fϕ have been defined.
Consider now a virtual tensile test and subsequent unloading of the

metasystem, starting from the initial state O, defined as uo = 0, ϕΔ
0 = 0,

c0 = 0. Assume that throughout the loading history the pre-stress in the
pins is vanishing, namely N0 = 0. Consequently, according to (2), state
O turns out to be at the limit state φ∗

(
c0, ϕΔ

0 , N0
)
= 0. By applying a

monotonically increasing force F to the chain until the relative
displacement uA between contiguous disks is reached, it is observed that
a relative rotation ϕΔ occurs between the contiguous disks. This rotation
is accompanied by an increase in the interaction couple, resulting from
the dilation resisted by the axial elasticity of the pins. The incremental
relationship between the interaction couple and the relative rotation is
derived under conditions of remaining in the limit state φ̇∗ = 0, resulting
in

ċ = Y+ϕ̇
Δ
=

ktanθ(tanθ + f)
1 − ftanθ

ϕ̇
Δ (19)

where the constant Y+ is defined. From the finite incremental form of
(19) and by substituting into (17), the relative rotation ϕΔ

A = Su
Sϕ+Y+uA and

the interaction couple cA = SuY+

Sϕ+Y+uA are obtained, respectively, in terms
of the displacement at state A. Finally, the tensile force FA

=

[

Fu − FϕSu
Sϕ+Y+

]

uA is derived, which defines the stiffness of the linear

response O→A, during which frictional dissipation occurs.
Starting from state A, the axial force is reduced, resulting in elastic

unloading with no changes in the relative rotation ϕ̇Δ
= 0. During the

unloading phase, the interaction couple is reduced, and the argument of

the modulus in the limit state equation (2) changes sign. The elastic
unloading ends at state B for which φ∗

(
cB, ϕΔ

A
)
= − cB + ktan2θϕΔ

A −

f
[
cBtanθ + ktanθϕΔ

A
]
= 0, being ϕΔ

B = ϕΔ
A . The interaction couple cB =

Y− ϕΔ
A =

ktanθ(tanθ− f)
(1+ftanθ) ϕΔ

A is derived, with Y− < Y+ when f > 0. From

equation (17) the displacement is obtained uB =
Sϕ+Y−

Su ϕΔ
A =

Sϕ+Y−

Sϕ+Y+uA < uA. The tensile force at state B is then obtained

FB =

(

Fu − FϕSu
Sϕ+Y−

)

uB together with the stiffness Fu of the elastic

unloading. The unloading starting from state B occurs with frictional
sliding, with negative values of the argument of the modulus in the limit
state equation (2). The incremental relationship between the interaction
couple and the relative rotation is derived under conditions of remaining
in the limit state φ̇∗ = 0, resulting in

ċ = Y− ϕ̇
Δ
=

ktanθ(tanθ − f)
1+ ftanθ

ϕ̇
Δ
. (20)

By combining equations (17) and (18) expressed in incremental form
with (2), the incremental relationship between the applied axial force
and the average displacement between contiguous cells is obtained

Ḟ =

(

Fu −
FϕSu

Sϕ + Y−

)

u̇ (21)

characterising a linear response in the presence of frictional dissipation,
starting from state B and returning all the system variables to the initial
state O. The model’s response to pulsating axial force is shown in the
diagram of Fig. 5, where the dissipative and self-recovering behaviour is
illustrated. Interestingly, this behaviour is observed in several dissipa-
tive and reusable systems recently proposed in the literature [53,55,57,
59,66].

4.2. Numerical simulation of the response of dissipative metamaterials

A resilient finite-dimensional meta-device realized with the pro-
posed layered dissipative metamaterials is analysed in detail in this
section with the aim of emphasizing the avant-garde performances of the
dissipative architecture beam-lattice topologies designed in the paper
(see Fig. 1). The discrete Lagrangian formulation detailed in the previ-
ous section is implemented in an in-house computer code for linear and
non-linear quasi-static simulations.

In Fig. 6 the meta-device is tested in a pseudo-uniaxial strain

Fig. 5. Tensile loading and unloading of the one-dimensional chain.
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condition (with free rotation of the disks of the layers) for the tetrachiral
and hexachiral topologies for the limit case of vanishing pin shear
stiffness. It is noted that there are fundamental differences in the elastic
behaviour among the different topologies under study. It is important to
emphasize that for the hexachiral topology, sufficiently far from the
edges (i.e., in regions with fully linked, rigid circles), the relative dis-
placements between adjacent layers of opposing chirality appear to be
evanescent, even in the limiting case of vanishing pin shear stiffness.

This evidence has already been demonstrated in the case of arbitrary
affine displacement fields for a generic shear stiffness of the pins in
Bacigalupo et al. [65] and is mainly due to the effective elastic isotropy
of the system. On the contrary, in the case of tetrachiral topology,
relative displacements are observed whose magnitude depends, with
other conditions being equal, on the shear stiffness of the pins in the
assumptions of free rotations of the disks of the layers. This behaviour is
due to the anisotropy of the tetrachiral system and is proved in [70].

Fig. 6. Detail of the relative displacements between disks of contiguous layers related to pseudo-uniaxial strain conditions: (a) tetrachiral multi-layer
systems; (b) hexachiral multi-layer systems. Vanishing pin shear stiffness Kp is assumed for illustrative purposes, with ligaments slenderness ratio
η = s/ℓ = 1/20, chirality angle β = π/8, and u∗1 = a/100 (grey undeformed configuration, blue deformed configuration and positive chirality, red deformed
configuration and negative chirality; displacements magnified by a factor M = 30).

Fig. 7. Layout of the four mechanical tests: C .1,C .2 (extension) and C .3,C .4 (shear-bending) performed on chiral honeycombs multi-layer systems with
opposite chirality. The specimen size is L = 2ϖ = na.

Fig. 8. Analytical dependence of the pin shear stiffness in terms of the mechanical parameters: (left) K̃p v.s. λ; (right) K̃p v.s. nondimensional ratio R /r.
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The hexa-tetrachiral topology, however, manifests fully anisotropic
global elastic properties in a single layer (see Bacigalupo et al. [70] for
details) and, as will be shown later, exhibits overall characteristics that
are intermediate between those of the other two topologies. Therefore,
based on the preceding discussion and to isolate the chiral properties
resulting from the SO(2) invariance of the hemitropic part of the global
elastic tensor of the monolayer (which leads to equivalent bulk
strain-rotation coupling [71,72]), this section focuses on tetrachiral and
hexachiral stratified systems. Specific attention is given to the tetra-
chiral topology due to the presence, in general, of relative displacements
between the non-vanishing layers.

To highlight the overall elastic and dissipative properties of the

designed meta-devices four mechanical tests are performed. The layout
of the numerical experiments considered is depicted in Fig. 7. Specif-
ically, the mechanical tests C .1 and C .2 involve imposed axial
displacement (with the first characterized by conditions of pseudo-
homogeneity of equivalent deformations), whereas the C .3 and C .4
tests involve imposed transversal displacement of bending-like and
simple shear-like types, respectively.

The pin shear stiffness Kp can be obtained by assuming, for
simplicity, simple shear conditions among contiguous periodic layers
with respect to relative displacements. Hence, we may define

Fig. 9. Elastic mechanical tests on multi-layer systems with free relative rotations. Displacement and rotation fields corresponding to the mechanical tests C .1
(a) and C .2 (b) performed on tetrachiral honeycombs multi-layer system (L = 2ϖ = na with n = 50). The imposed displacement is u∗1 = L/100, while β = π /8. The
pins shear stiffness Kp is obtained assuming b = 9a/40.
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Kp =
λπr2Gp

b
, (22)

where λ is the nondimensional parameter determining the height of the
deformed pin portion, and Gp is the shear modulus of the constituent
homogeneous, isotropic material. The dependence of the nondimen-
sional pin shear stiffness K̃p = Kpb /

(
EpaR

)
on the nondimensional pa-

rameters λ and r/R, considering different materials, is shown in Fig. 8.
If not otherwise specified, the adopted slenderness ratio of the liga-

ments is η = s/ℓ = 1/20, the inner radius of the disks is r = 2R /5, the
nondimensional ratio λ = 2, while pins are assumed to be made of
TEEKAPEEK natural, a polymeric material characterized by Young
modulus Ep = 4.2GPa and Poisson ratio νp = 0.37 (in agreement of the
materials used in Bacigalupo et al. [66]). Disks and ligaments are here
assumed made of stainless steel with Young modulus being E = 195GPa.
In the case of frictional-dilatant interfaces, if not otherwise specified, the
thickness nondimensional ratio is h /b = 3 /4, the inclination angle of
the teeth is θ = π/6, whereas the friction coefficient is fr = 0.75
(stainless steel-stainless steel). These representative parameters are the
result of a preliminary optimization study of the elastic and dissipative
properties of the mechanical metamaterial [66]; however, their specific
values do not alter the qualitative and general character of the results
shown in this section.

Fig. 9 shows the typical displacement and rotation fields corre-
sponding to the elastic axial mechanical tests C .1 and C .2 performed
on tetrachiral multi-layer systems with free relative rotations. It is
important to note that the relative displacements are greatly influenced
not only by the stiffness of the pins but also by the dimensions of the
microstructure in relation to the global dimensions of the specimen.
They appear to be generally negligible when L/a = n ≥ 50. It is assumed
that relative displacements affect, at most, only the elastic response of
the system. Given that these (relative) displacements are generally at
least an order of magnitude smaller than the disks edge displacements
caused by the relative rotation of two contiguous disks, their influence
on the dissipative properties of the interfaces is considered negligible
(see Fig. 10).

Considering multi-layer (tetrachiral) systems with frictional non-
dilatant rigid-plastic interfaces, i.e. θ = 0, the results of the elastic-
plastic analyses obtained under cyclic displacement control highlight
important general behavioral evidence, as shown in Fig. 11 for different
specimen sizes, with the aim of appreciating size-effect. It is noted that
the global dissipative properties corresponding to testsC .1 andC .2 are
significantly greater than those of the other two tests. This evidence is
motivated by the fact that the first two tests exhibit axial-dominated
deformation, while the other two are dominated by bending and shear
(the last outcome agrees with the homogenous model analyzed in
Bacigalupo et al. 2023). The dissipative properties of the system are due
to the rotation field defined at the level of a single layer, which, in chiral

systems of this kind, is elastically coupled to axial (bulk) deformation.
Therefore, in tests C .3 and C .4, the deformation appears to be highly
non-homogeneous and bending-shear dominated, with shear deforma-
tion that, by definition, does not imply relative rotation between the
layers and consequently does not generate dissipation (see Fig. 11).
Consequently, it is important to underline that the size effect of the
elastic response is more pronunciated as the global non-homogeneity of
the deformation increases (see Figs. 11b,c). In any case, it is noted that
the behavior of the cyclic response of the multilayer metamaterial turns
out to be size independent in the case L/a = n ≥ 25.

The pseudo-affine displacement field associated with the C .1 test
allows for a comparison between the obtained results and the analytical
solution corresponding to a homogeneous generalized micropolar con-
tinuum equivalent to the multilayered lattice-like material (Bacigalupo
et al. [66,70]). In this case, very good agreement is observed between the
numerical and analytical predictions (Fig. 11c). For the above reasons,
the following discussion focuses on mechanical tests with axially
dominated deformation. Another consideration is that, in correspon-
dence with the plasticized sub-domains (e.g. where relative rotations are
free), the metamaterial exhibits a globally auxetic behavior (Fig. 11c).

Regarding the case of frictional dilatant self-recovering interfaces,
Fig. 12 shows that the resulting deformation is self-recovering at the end
of the equivalent load cycle, theoretically rendering the mechanical
metamaterial infinitely reusable or resilient, accordingly with the simple
illustrative one-dimensional model analysed in Section 4.1. In the spe-
cific case of test C .1, the aforementioned conditions of pseudo-
homogeneity combined with the hypothesis of vanishing initial pin
traction N0 = 0, imply a negligible size effect on the global cyclic
response (Fig. 12a,c), with the plastic regime almost instantaneously
achieved throughout the domain in both the loading and unloading
phases. In this case as well, the results obtained are consistent with
analytical predictions corresponding to an equivalent micropolar con-
tinuum (see [65]) It is important to note that the dissipative properties of
the material depend on the chirality angle. Specifically, within the range
of values studied, dissipation tends to increase as the chirality angle
increases (see Fig. 12a). In particular, the chirality angle β has a greater
impact on the system’s overall stiffness during the unloading stage
compared to the loading stage.

It is worth underlining that the same behaviour observed under
tensile loads may be obtained under compression (see [65]). Fig. 13
shows the dissipative properties of the material corresponding to a full
tensile-compressive cycle while assuming different values of the friction
coefficient f . It is noted that, in this case, the friction coefficient plays an
important role on the cyclic dissipation as well as in modifying the
overall stiffness of the system during the loading stage rather than the
unloading stage (Fig. 13).

While the specific value of the nondimensional ratio δ = h/b, for a
given thickness b, friction coefficient, and angle θ, does not substantially
alter the overall response of the system, it is observed that, as expected,

Fig. 10. Relative displacements and relative rotations. Schematics of the relative displacement vector uΔ and disks edge displacement |ϕΔ|Rtildet caused by the
relative rotation of two contiguous disks; (a) and detail of the two nondimensional displacement maps corresponding to the elastic test C .2 with u∗1 = L /100, β = π
/8 and b = 9a/40 (L = 2ϖ = na with n = 50). The unit vector in the generic direction normal to the disk radius is denoted by tildet.
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Fig. 11. Multi-layer (tetrachiral) system with frictional non-dilatant rigid-plastic interfaces. (a) Normalized force-displacement curves corresponding to a full
load cycle and referred to the four mechanical tests, performed considering different specimen size while assuming b = h = 9a/40, β = π/8; (b) Map of the plastic
zones (e.g. rings interfaces satisfying the limit condition) corresponding to the maximum imposed displacement u∗i = û

∗

i = L/160 in the four mechanical tests. Red
and blue colours denote positive and negative sign of the interface couple at the frictional limit state c̃, respectively; (c) Deformed configurations corresponding to u∗i
= û

∗

i /100 (elastic regime, stage S.1) and u∗i = û
∗

i (plastic regime, stage S.2). Displacements are magnified by a factor M = 3× 10 (S.1) and M = 3 ×103 (S.2) for
better visualization. In the case of C .1 and C .2 tests, F denotes the horizontal reaction force, whereas in the case of C .3 and C .4 tests, it denotes the vertical
reaction force.
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the specific value of the angle — when the other parameters are fixed —
can significantly modify the overall stiffness of the system, predomi-
nantly in the loading stage (Fig. 14). This behaviour is similar to that
previously observed and is related to the variation of the friction coef-
ficient f .

The recentering properties are also verified in the case of non-
homogeneous deformation (in reference to the test C .2), while size-
independent behaviour occurs, as in the case of non-dilating interfaces
when L/a = n ≥ 25. It is also noted that the conditions of non-
homogeneity characterizing the C .2 test, although substantially modi-
fying the response and cyclical trend of the mechanical system, do not
substantially influence the resulting dissipative properties of the system,
both in the case of dilating and non-dilating interfaces (see Fig. 15). As
observed previously, the extent of relative displacements between the

layers is affected by scale effects of the microtructure as well as, under
equal conditions, by the stiffness of the pin. It is interesting to observe
that for evanescent Kp, the C .2 test tends towards that corresponding to
the conditions of pseudo-homogeneity typical of the C .1 test (Fig. 15).
Furthermore, it is important to underline that, unlike the case of non-
dilating interfaces, dissipation tends to increase as the chirality angle
decreases (see Fig. 15b).

Finally, the diagrams in Fig. 16 show an effective stiffness of the
tetra-hexachiral metamaterial, in the tested direction, is, in general,
larger than that of the tetrachiral metamaterial, while the resulting
dissipative properties are remarkable. This behavior appears to be in
good agreement with the results in Bacigalupo et al. [66,70]. It is
confirmed that the pin shear stiffness does not influence the global
response of the hexachiral system under the loading and unloading

Fig. 12. Multi-layer (tetrachiral) system with frictional dilatant self-recovering interfaces. (a, left) Normalized force-displacement curves referred to the
mechanical test C .1 and corresponding to different specimen sizes while assuming β = π/8 and b/a = 3/10; (a, right) Influence of the chirality angle on the overall
dissipative properties of the tetrachiral system in the case of a sufficiently large specimen with n = 25; (b) Map of the plastic zones (e.g. rings interfaces satisfying the
limit condition) corresponding to u∗i = L/250 (plastic regime-loading, step S.1 and plastic regime-unloading, step S.3) with K̃ = ĉ/|ĉ| being the actual normalized
interface resistance couple; (c) Deformed configurations obtained with n = 25, β = π/8 and corresponding to u∗i = L/250 (plastic regime-loading, step S.1 and plastic
regime-unloading, step S.3) and u∗i = L/175 (elastic return, step S.2). The initial and final stages are referred to as S.0 and S.4, respectively.

Fig. 13. Multi-layer (tetrachiral) system with frictional dilatant self-recovering interfaces. Normalized force-displacement curves referred to the mechanical
test C .1 with b/a = 3/10 and δ = 6/7, corresponding to a full tensile-compressive cycle, while assuming different values of the friction coefficient f .
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Fig. 14. Multi-layer (tetrachiral) system with frictional dilatant self-recovering interfaces. Normalized force-displacement curves referred to the mechanical
test C .1 with b/a = 3/10, corresponding to different values of the nondimensional ratio δ = h/b (left) and different angles θ (right).

Fig. 15. Multi-layer (tetrachiral) system with frictional dilatant self-recovering interfaces. (a, left) Normalized force-displacement curves referred to the
mechanical test C .2 with b/a = 3/10 and β = π/8, corresponding to different specimen size; (a, right) Influence of the pin shear stiffness and specimen size on the
overall dissipative response of the layered material; (b, left) Multi-layer (tetrachiral) system with frictional non-dilatant rigid-plastic interfaces (mechanical test C .2
with b = h = 9a/40): Influence of the pin shear stiffness and specimen size on the overall dissipative response of the layered material; (b, right) Influence of the
chirality angle on the overall dissipative properties of layered material in the case of a sufficiently large specimen with n = 25.
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stages, while it turns out to modify the stiffness of the system in the case
of tetrachiral topology. The tetra-hexachiral microstructure shows in-
termediate properties among those mentioned above (Fig. 16). Ac-
cording to the plastic-attritive admissibility condition (2), dissipation
properties appear to depend on the thickness of a single layer through
the specific value of the geometric parameter b, as greater thicknesses
are associated, in general, with lower dissipative characteristics. This
property holds for all the microstructure topologies considered. Another
noteworthy point is that the tetra-hexachiral system exhibits overall
behavior, in the tested direction, similar to that of the other micro-
structures, with effective elastic stiffness aligning more closely with that
of the hexachiral system than the tetrachiral system, while the dissipa-
tive properties, within the studied conditions, turn out to be closer to
those characterizing the tetrachiral topology (see Fig. 17).

In any case, considering the tested directions and the range of pa-
rameters studied, the hexachiral topology appears to be associated with
the highest dissipation compared to the other microstructures (Fig. 17).
The dissipation properties are estimated by the loss coefficient ηd, i.e. the
equivalent damping ratio of the hysteretic model (see Ashby [73] and
Bacigalupo et al. [66] for details). The hexachiral topology theoretically
offers elastic and dissipative isotropic properties, whereas the tetrachiral
and tetra-hexachiral microstructures are characterized by
direction-dependent properties owing to different material symmetries.
However, tetrachiral and tetra-hexachiral topologies allow for the

preparation of regular square grids, which simplifies the testing condi-
tions of the periodic specimens. Hence, the selection between different
microstructures may hinge upon specific technological requirements,
such as the ability to establish reliable gripping/loading systems, the
nature of the forces under consideration, and, crucially, the resistance
properties of the materials adopted. The maximum loss coefficient ob-
tained in this paper (see Fig. 17), which is consistent with the value
obtained analytically for a micropolar continuum equivalent to the
stratified lattice in Bacigalupo et al. [65], is reported in the Ashby chart
[73] in Fig. 18. This result demonstrates how it is possible to achieve
both high dissipation and stiffness, one of the desired properties in this
study.

5. Conclusions

A novel design strategy is introduced for developing resilient, high-
energy-dissipating metamaterials tailored for reusable and self-
restoring mechanical metadevices. This approach integrates stretch-
able, self-tensioning elastic components with frictional-dilating mecha-
nisms, where energy dissipation occurs through controlled inelastic
micro-deformations. A stratified metamaterial design is proposed, con-
sisting of chiral beam-lattice structures formed by rigid disks connected
with elastic ligaments and stacked using elastic pins. The alternating
chirality of the lattices induces relative rotations between adjacent disks

Fig. 16. Multi-layer systems with frictional dilatant self-recovering interfaces. (left) Normalized force-displacement curves referred to the mechanical test C .2
(with n = 25, b/a = 3/10, δ = 6/7 and β = π/8), obtained considering tetrachiral, hexachiral and tetra-hexachiral topologies and corresponding to different pin
shear stiffness; (right) Influence of lattice topology, i.e. tetrachiral, hexachiral and tetra-hexachiral, on the overall stiffness and dissipative properties of the layered
material in the case of sufficiently large specimens and corresponding to the mechanical test C .1 (with n = 25, b/a = 3/10, δ = 6/7 and β = π /8).

Fig. 17. Multi-layer systems with frictional dilatant self-recovering interfaces. (left) Normalized force-displacement curves corresponding to the mechanical
tests C .1 and C .2 (n = 25, b/a = 3/10, δ = 6/7), obtained considering β = π/8 and the hexachiral topology, with indication of the loss coefficient obtained ηd;
(right) Loss coefficient ηd corresponding to the hexachiral, tetrachiral and tetra-hexachiral topologies as function of the chirality angle (mechanical test C .1).
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in opposing layers, which are regulated by frictional contact. This
innovative configuration harnesses the interaction between elastic
deformation and frictional forces, enabling a precisely controlled energy
dissipation mechanism. The frictional disk-to-disk interface can be
either flat or jagged. In the first case, the material model exhibits linear
hardening plastic behavior, while in the latter, the imposed dilation
interacts with the axial elasticity of the pins, resulting in a self-
recovering response. The meta-device is described using a discrete
Lagrangian model and the response to various pulsating and cyclic load
histories is obtained. Numerical tests have been conducted on simple
square specimens to vary the disk density (i.e., the number of disks per
unit area) and boundary conditions. These tests are designed to capture
both homogeneous and inhomogeneous deformation modes under
overall traction and bending conditions. For flat disk-to-disk interfaces,
the response to overall traction is found to be bilinear elastic-plastic,
with only a slight dependence on cell density. Additionally, a sensi-
tivity to disk density is observed in the bending tests, where the response
is characteristic of a system undergoing progressive plasticization. For
frictional dilatant disk-to-disk interfaces, the uniaxial response under
homogeneous boundary conditions exhibits a trilinear behavior, char-
acterized by high energy dissipation and a self-recovering response. This
particular response is explained in the paper by considering the uniaxial
response of a simple one-dimensional model. Moreover, from the nu-
merical examples it turns out that the chirality of the lattice and the
asperity angle of the interface play a significant role in influencing the
energy dissipation. In case of non-homogeneous boundary conditions,
the overall qualitative response remains largely unchanged. However,
for both frictional interfaces considered, the disk density per unit area
has an impact on the hysteretic response and on the energy dissipated.
Further analyses have focused on comparing the dissipative capacity of
tetrachiral, hexachiral and tetra-hexachiral lattices in the case of
frictional-dilatant interfaces. Since the metamaterial exhibits the same
response to global uniaxial tensile and compressive forces, the cyclic
tension-compression response was considered, allowing for the evalua-
tion of the loss coefficient, which measures the energy dissipated in a
cycle relative to the elastic energy stored and turns out to be increasing
with the chirality angle. Based on the comparisons conducted, it appears
that the hexachiral topology demonstrates the highest loss coefficient.
By considering realistic geometric and material parameters, it was

observed that the hexachiral metamaterial achieves a higher loss coef-
ficient and greater stiffness compared to other dissipative lattice
topologies.

In conclusion, while experimental validation is still needed, the
proposed metamaterial appears to offer the following advantages over
existing technologies: i) a hysteretic response with high mechanical
dissipation and stiffness; ii) the ability to reuse the device without
external intervention, restoring its initial configuration after deforma-
tion; iii) a multi-directional dissipative response; and iv) a bilateral
response, ensuring consistent performance under both tension and
compression.
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