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Abstract. Metamaterials, which are engineered materials exhibiting
mechanical properties superior to the ones existing in nature, have
gathered significant attention in the last years. Of particular interest
are bistable mechanical metamaterials with negative stiffness, which
have proven remarkable energy absorption properties. This
encouraged their implementation with the purpose of absorbing and
dissipating part of the seismic energy impacting existing buildings.
An energy dissipating meta-panel (EDMP) can be outlined
combining the fundamental concepts of passive vibration control
system, as a tuned mass damper (TMD), and bistable metamaterials.
The unit cell of the EDMP is comprised of a meta-layer linked to a
vibrating mass. The meta-layer, designed as a cosine-shape beam
(CSB), should have properly calibrated geometric properties to
achieve bistable behaviour. Despite a proper calibration of the unit
cell, the dissipation performance may be affected by the overall
number of cells used to form the meta-panel. This paper investigates
the impact of varying the number of cells per layer. This is conducted
by numerical simulations on a calibrated EDMP. The aim is to
understand how different configurations affect the overall
performance of the meta-panel to gain fundamental insights
necessary for designing the optimal solution tailored to each
application.

Keywords: Negative stiffness metamaterials, geometric nonlinearity,
seismic energy dissipation.



1 Introduction

Mechanical metamaterials (MM) can exhibit unique mechanical properties by
carefully designing their structures [1]. Among them, negative stiffness (NS)
metamaterials being particularly useful for dissipating and absorbing energy [2, 3].

NS metamaterials are typically designed using repeated unit cell geometries,
consisting of tilted, arched, or curved beams [4], and they are typically referred to
as NS because their geometric design allows them to exhibit bistability, meaning
they have two stable positions and one intermediate unstable position. When the
force-displacement profile is analysed through a quasi-static displacement-control
test, it can be observed that the curve has a negative slope at the unstable position,
which is where the name originates. This bistability is the result of a geometric
nonlinearity. When subjected to a dynamic excitation, a bistable system can exhibit
two distinct oscillatory regime: interwell and intrawell regimes [5]. Interwell
oscillations occur when the mass moves between the two stable equilibria, crossing
the unstable equilibrium. In contrast, intrawell oscillations involve motion around a
single stable equilibrium.

These NS mechanical metamaterials may be used to develop a seismic energy
dissipation device. This is attributed to the fact that the viscous dissipation depends
not only on the damping coefficient but also on the velocity. During the interwell
oscillations, the bistable element transitions between two stable configurations,
resulting in increased velocity due to the snap-through phenomenon. This behaviour
makes these metamaterials particularly valuable, as activating an interwell regime
significantly enhances energy dissipation. To achieve this, the concept of nonlinear
tuned mass damper (TMD), commonly referred to as nonlinear energy sink (NES)
is employed. For a more in-depth understanding of this topic, readers may refer to
[6-12]. Specifically, an energy dissipating meta-panel (EDMP) can be created by
coupling a steel cosine-shaped beam (CSB) with NS mechanical metamaterials
properties to a vibrating mass. This configuration forms a viscously damped single-
degree-of-freedom (SDoF) auxiliary system with geometric nonlinearities, designed
to connect to a primary structure.

The structure of the paper is outlined as follows: Section 2 frames the general
concept behind the design of the seismic energy dissipation device details the
assumptions made to simulate its response. Section 3 reports the numerical analyses
performed to evaluate the effects of varying the number of cells in parallel and the
device width. Finally, Section 4 summarizes the key findings, conclusions, and
future work developments.

2 Meta-panel: Conceptual framework

Buildings across Europe face dual vulnerabilities: insufficient energy insulation and
inadequate seismic safety. Romano et al. 2023 [13] proposed a score-based
approach to identify EU nations most in need of combined seismic and energy
retrofitting solutions. The analysis identifies Italy, Romania, Croatia, Greece,
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Bulgaria, and Germany as the most critical nations requiring attention. Addressing
these issues requires a cohesive approach to retrofitting that improves both seismic
safety and energy efficiency, safeguarding architectural heritage and advancing
sustainability.

2.1  Integrated retrofitting

Integrated retrofitting interventions aim to address the two primary challenges of
existing buildings: insufficient energy insulation and inadequate seismic safety. By
combining external thermal insulation composite system (ETICS) with innovative
mechanical metamaterials, these interventions provide a comprehensive solution to
enhance buildings performance.

In this approach, ETICS is added to the facade to improve energy efficiency,
while the integration with a mechanical metamaterial layer enhances the seismic
safety. The metamaterial layer dissipates seismic energy impacting the building,
reducing structural displacement, and mitigating damage. This dual functionality
ensures that both energy efficiency and seismic safety are effectively targeted within
a single intervention.

DSOS NV

Fig. 1. Schematic representation of the panel designed to be anchored to existing buildings
for seismic and energetic retrofitting.

Fig. 1 illustrates the conceptual configuration of the meta-panel for integrated
retrofitting. The panel comprises an external thermal insulation coupled with an
advanced layer placed in contact with the building wall. This advanced layer houses
an EDMP, a device developed using NS metamaterials. These metamaterials
leverage the snap-through phenomenon, characterized by rapid change of
configuration, to dissipate seismic input energy efficiently. However, in order to
ensure effective thermal insulation, it will be necessary to fill the cavities left by the
EDMP with very low-density insulation materials (e.g. foams).

Fig. 2 presents some potential applications of this interventions across different
structural configurations. The external thermal insulation coupled with the EDMP,
is strategically placed only in selected locations, while the remaining areas are
covered with ETICS only. Taking into account the constraints posed by the presence
of windows, the integrated retrofitting can be implemented at the level of floor slabs
or extended to cover the entire inter-storey space adjacent to the windows.
Additionally, finite element (FE) analysis may help determine whether this
intervention is required across all the floors or only at the top floor, where higher
displacement occur.
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Fig. 2. Potential applications of integrated seismic and energy retrofitting for different
structural configurations.

2.2 Design scheme for seismic energy dissipation device

This sub-section focuses on the EDMP, and the simplified model developed to
analyse its response under real earthquake excitation. The primary objective of this
study is to establish an initial set of results that can serve as a foundation for more
detailed and advanced analyses.

This device is composed of NS metamaterials, which exhibit bistable behaviour
under specific geometric configurations. In this study, a curved beam geometry ([3,
147) is chosen to develop the device. In Fig. 3 a simplified scheme of a multi-cell
EDMP is proposed. Each unit cell can be schematized through four characteristics,
(i) negative linear stiffness k., (ii) positive cubic stiffness ks, (iii) viscous damping
¢, and (iv) vibrating mass. Designed in steel, the device incorporates a CSB with a
very thin thickness (< 1 mm) to ensure sufficient deformability for reasonable
earthquake scenarios. Increasing the thickness of the CSB leads to higher input
energy requirements for initiating interwell oscillations. As the CSB is so thin, its
mass is negligible when compared to the vibrating mass. As a result, the CSB
contributes to the device stiffness and viscous damping, while the mass is an
additional rigid body placed at the top of the CSB. The stiffness terms are influenced
by the geometries of the unit cell, particularly the initial length of half CSB (l,),
the span (L), the amplitude (h/2), and the thickness (t) of the CSB. Hence, half
CSB behaves as a spring of initial length [, and stiffness k = Ebt3/13, where b
denotes the CSB width. Accordingly, the equation of mation for the seismic energy
dissipation device becomes:
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where my, is the total vibrating mass given by Nm, and cy is the equivalent viscous
damping obtained as 2{w,,my. The linear negative stiffness term k; is computed as
the linear stiffness of the unit cell by the number of cells in parallel N:

k, =Nk1=2Nk(1—T)<0 @

Similarly, the nonlinear stiffness term ky, is obtained by pre-multiplying the
nonlinear stiffness of the unit cell by the number of cells in parallel, namely:

8Nkl

I Ly

c

= = -

el

Fig. 3. Seismic energy dissipation device with three parallel cells, and a schematic
representation using springs and dampers to simulate the device response.

3 Numerical analysis

The numerical analyses are conduct by varying the number of parallel cells, N, and
considering two different values of panel width, b. The number of cells ranges from
1 to 40, a selection based on the varying available space between openings in real
applications. The two values of b, 1.50 m and 3.00 m, are chosen to represent of the
two possible configurations illustrated in Fig. 2: one where the device is
implemented at the level of floor slabs (with a vertical spacing of approximately
~1.50 m between consecutive openings), and another where the device covers the
entire inter-storey space adjacent to the openings (with a typical inter-storey of
~3.00 m).

To numerically analyse the response of the various EDMP configurations, the
accelerogram of Kobe earthquake of 1940 (depicted in Fig. 4) is selected as the
input excitation. This seismic event is considered because of its significant impact
and the availability of detailed ground motion data, which can be accessed through
the Strong Motion Center database (https://www.strongmotioncenter.org/). The
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choice of this particular earthquake allows for an assessment of the multi-cell
EDMP performance under a real and well-documented seismic event.
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Fig. 4. Accelerogram of Kobe earthquake of 1940, recorded from the Kakogawa station, with
a total duration t,,4 = 40.94 s and a sampling time t; = 0.01s.

Table 1 presents the geometric and material properties of the repeated unit cell.
The material used is steel, and the geometry results from an optimization process
that is beyond the scope of this article.

Table 1. Geometric and material properties of the unit cell.

Geometric properties Material properties

CSB thickness, t 0.001 m Damping ratio, 4 1 %
CSB height, h 0.03 m Density, p 7860 kg/m?
CSB span, L 0.50 m Young’s Modulus, E 2.1el1 Pa
CSB length, b 1.50+3.00 m

Vibrating mass

thickness, tuib 0.005 m

To determine the displacement time history response of the multi-cell EDMPs,
Eq. (1) was solved using MATLAB ode45, a numerical solver based on an explicit
Runge-Kutta (4,5) method. This method is useful for solving moderately stiff and
no-stiff ordinary differential equations (ODEs), hence, to solve a second-order
differential equation an equivalent system of first-order equations must be written.
The system of equations is given by dx,/dt = x, and dx,/dt = —d*u,/dt*> —
(cn/my)xy — (k/mpy)x, — (ky,/my)x3. Fig. 5a displays the displacement time
histories for N = 1, 2, ..., 40 cells in parallel with a panel width of 1.50 m, while
Fig. 5b shows the same results for a width of 3.00 m. By solving the second-order
differential equations, the velocity of the mass during motion is also determined,
enabling the computation of the energy dissipated through viscous damping as:
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where t,,4 is the duration of the input accelerogram, namely Kobe earthquake. Fig.
5c and Fig. 5d illustrates the cumulative dissipated energy for the two EDMP widths
and forthe N = 1, 2, ..., 40 cells. Fig. 6 highlights the total dissipated energy for the
two EDMP widths across the different number of cells in parallel.
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Fig. 5. Displacement time-history and cumulative dissipate energy for different number of
cells in parallel with b = 1.50 m ((a), (c)), and b = 3.00 m ((b), (d)).
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Fig. 6. Dissipated energy for N = 1,2, ...,40 cells in parallel and for different width b.

4 Discussions and Conclusions

This study analysed the behaviour of a seismic energy dissipation device designed
for future integration into an existing structure, focusing on the effects of the
number of parallel cells and device depth b.

Results show that while the number of cells influences the displacement time
history, depth b has a negligible impact, as it uniformly changes stiffness, damping,
and mass. Furthermore, if the unit cell is designed for a bistable response under the
given earthquake, adding multiple cells in parallel preserves this behaviour, with
slight variations in interwell and intrawell oscillations.

Dissipation analysis reveals that while the number of cells has a minimal effect
on total dissipation, depth b greatly increases dissipation due to the increase in
vibrating mass and damping. It is also clear that for the first 10 s, dissipation remains
consistent regardless of the number of cells in parallel, with the number of cells only
slightly affecting dissipation after the earthquake peak.

In conclusion, the analyses provided valuable insights into the differences in
dissipative capacity between the two potential applications of the device, as
illustrated in Fig. 2: (i) applying the meta-panel to the height of the slab between
openings, or (ii) placing it on the masonry walls between two floors. The results
demonstrate that case (ii) offers grater dissipation due to the increased vibrating
mass. Therefore, when both options are feasible, it is recommended to construct
EDMP that span the entire inter-storey distance.

Future work will involve finite element analysis to validate the effectiveness of
this simplified model, along with an experimental campaign to support both
numerical models.
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