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Abstract. Locally resonant metamaterials (LRMs), with periodic elements that exhibit local
resonance, have been recently investigated by numerous researchers as a means to pursue
vibration attenuation and wave manipulation. These structures are able to generate bandgaps in
specific frequency ranges depending on their mass, stiffness and geometrical characteristics;
however, they present certain limitations when bandgaps in the low-frequency domain are
sought, since they require heavy oscillating masses. This research work harnesses the potency
of a novel dynamic directional amplifier, namely the DDA, that is introduced as a means to
artificially increase the inertia of an oscillating mass. The DDA is realized by imposing
kinematic constraints to the degrees of freedom (DoFs) of the oscillator, hence inertia is
increased by coupling the horizontal and vertical motion and forcing the model to move along
a circumference. Herein, the DDA is applied on the resonating mass of a scaled LRM structure,
assembled using LEGO® components. Experimental and analytical calculations are
subsequently undertaken to investigate the dynamic properties of this DDA-enhanced
metamaterial. Results showcase the low-frequency attenuation properties of the structure and
serve as a proof of concept of the mechanism.

1. Introduction

The field of metamaterials has seen significant advancements in recent years, with the development of
acoustic (AM) and locally resonant (LR) metamaterials showcasing exceptional dynamic properties.
These materials rely on their unique microstructures to create a filtering effect, resulting in the
formation of bandgaps. When an impacting excitation has a frequency that falls into the blind zone
generated by the bandgap, the propagation of waves is blocked [1-3]. However, despite their potential
for extraordinary dynamic properties, conventional LRMs [4] may face challenges in achieving wide
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and low-frequency bandgaps due to the hefty internal parasitic masses and additional constraints,
which can complicate their implementation [S]. To overcome these challenges, researchers have
explored the use of inerters in both local resonating masses and the lattice structure of inertant acoustic
metamaterials [5,6]. Analysis has shown that the bandgap range can be modified depending on the
inerter configuration and properties with minimal mass addition to the metamaterial structure.
Similarly, researchers have developed architected metamaterial structures with inertial amplification
mechanisms [7-9] or negative stiffness [10] properties, and tested them experimentally. Several
attempts have been made [11,12], including the exploration of chirality [13] and geometrically
nonlinear metamaterials [14]. Recently, Kalderon et al. proposed a new class of enhanced
metamaterials, including both phononic [15,16] and LR [17,18] structures, that utilize a dynamic
directional amplification mechanism known as the DDA [19].

In this context, the use of dynamic directional amplification mechanisms (DDA) has been proposed as
a way to enhance the performance of these materials. The paper at hand seeks to verify the benefits of
incorporating DDA mechanisms within the structure by designing and testing inertial amplified locally
resonant prototypes constructed using LEGO® technic bricks. Results from the experiments validate
the concept of DDA-enhanced structures and demonstrate that the proposed metamaterials can be
adequately described by analytical and numerical models. The established prototypes indicate that
realistic full-scale designs are feasible and suitable for a wide range of applications, such as seismic
mitigation, vibration isolation, and acoustic mitigation. These findings represent a significant step
forward in the development of innovative materials with extraordinary dynamic properties.

2. Theoretical background

2.1. The Dynamic Directional Amplification (DDA) mechanism

The Cartesian coordinate system is established as shown in Figure 1. Connecting the mass to the
origin of the local coordinate system (CSYS) via a hinged, rigid rod of length AB=L which is assumed
to be massless for the purpose of this analysis, imposes a kinematic constraint between the DoFs u and
v. The lumped parameter model is described by the coordinates of the mass (m) at a generic position
B(x, y)=(xotu, yo—v), where xo, yo are the initial coordinates of the mass. The initial angle between
the horizontal axis and the link is denoted by ¢ = arctan(Xx, / y,) , while 8 denotes the rotation of the

rod at the generic position B of the moving mass. k. k, are the springs stiffnesses, cx, ¢, the damping
coefficient on the horizontal and vertical directions respectively, and F the force exciting the mass in
the x direction. The governing equation of the DDA mechanism in the direction of motion is given as
follows:

Mi+Cu+Ku=F (1)

where, M = (L+tan*(p))m, C =c, +c,tan’*(p) and K =k, +k,tan’(¢).

Figure 1. Kinematic model of the

Dynamic directional amplification
nl (DDA) mechanism, where the
motion of Vv mass m is
kinematically constrained to the
motion u, (a) initial mass position
(b) mass position at deformed state.
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2.2. 2D phononic lattice with Dynamic Directional Amplification (DDA) mechanisms
The effective lattice of a mass-in-mass setup, which includes an external mass (m, ), an internal

resonator (m,), and weightless springs and dashpots, is illustrated in Figure 2. Using this basic

arrangement, the improved unit-cells are envisioned. Figure 2 (a) demonstrates the layout of a typical
LR unit-cell, whereas (b) displays the unit-cell with the DDA attached to the resonating mass (m; ).
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Figure 2. The periodic mass-in-mass unit-cell (a) w/o DDA (b) with DDA attached in the resonating
mass (mg)

When the units described above are arranged in a lattice structure with a distance of L=o.=ay, as
shown in Figure 3, an infinitely periodic material is created. The lattice system is then analyzed for
harmonic wave propagation in the mass-in-mass configuration.

I
///////////////i////////d

Figure 3. 2D spring-mass effective lattice.

Considering the case of the lattice under harmonic excitation, the relative motion of the structural
nodes will cause amplified motion for the masses m, generating amplified inertial forces. Then, the

wave propagation characteristics of this lattice are determined from the irreducible unit-cell via
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Bloch’s theorem. The dispersion relationship of the phononic structure with directional inertial
amplifiers is given by:

det[~A"M zy opa + AC a0 K ru-o0a] =0 )
where
m O 0
Mmoo =Q MpuQ=| 0 m 0
0 0 m+p?)
2c,, (1—cosq,) +Cg, 0 —Cpry
Coomoaon =Q CranQ = 0 2c,,(1-c0sq,) +Cq  —pCq )
] ~Cp, ~pCy, Cr, P Cr
2k, (1—cosq,) + kg, 0 —Kg,
K L rv_oaos = Q' K ay Q = 0 2k, (1-cosq,)+ky  —pKg,
i —Kg, —PKe, Kg, pszy

3. Design of the Experimental Device

The conceptual configuration shown in Figure 4 includes an amplifier installed at the base of mass and
is assembled using LEGO® Technic parts, except from the custom-made extension springs and the
aluminium longitudinal guides. The use of LEGO® Technic parts was chosen due to its simplicity,
cost-effectiveness, and accuracy compared to other alternatives such as steel structures or 3D printed
clements. The design was first conceptualized and modeled in Lego Digital Designer to explore
different arrangements before assembling the physical models. The structure consists of only three (3)
unit-cells, which, according to previous studies can generate substantial bandgaps [20]. A hinged
connection allows the link to rotate freely, and a fixed base supports the DDA mechanisms
independently. The resonating mass (M ) is connected to the external mass (M, ) using two extension
springs.

The unit-cells are connected using an arrangement of springs [14], and to ensure proper functionality
in both compression and extension, as depicted in Figure 5. The stable equilibrium position of the
system is shifted backwards ( Al) by the compression spring, resulting in equivalent reactions in both
the compression and extension states. This is in contrast to the original configuration, which is at its
equilibrium position in full extension. This allows the system to react equivalently in both the
compression and extension states, in contrast to the original configuration, which is at full extension at
its equilibrium position. The overall stiffness of the assembly k, is therefore calculated as:

kK, =k, +K, 4)
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Figure 4. Illustration of the rendered LEGO® DDA enhanced locally resonant metamaterial design.

full. compression
extension

. i
R/

tension

Figure 5. Assembly of the linear stiffness elements at rest: (left) original, (center) modified
configuration, (right) physical assembly [14].

Table 1 presents an overview of the properties of the spring assemblies utilized in the models,
including the stiffness value (K, ), as well as the separate stiffness values of the extension spring (K, )

and compression spring (K, ).

Table 1. Stiffness characteristics of the experimentally tested springs.

Extension spring ke Compression spring ke  Spring Assembly
[Nm™] [Nm™] kn [Nm™]

80 320 480
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The mass properties of the LR metamaterial structure are tabulated in Table 2. Mass m, is realized by

LEGO ® parts, while mass m, is constructed by steel washers.

Table 2. Mass measurements for the
individual parts of the experimental LR

models.
Element Mass (g)
m, 58
mg 58

4. Description of the Setup

The configured experimental setup is presented in Figure 6. An MB Modal 110 (MB Dynamics)
electrodynamic shaker applies a one-dimensional (1D) horizontal input excitation. A timber board is
mounted at the shaker’s shaft on one side, to function as a shaking table, while longitudinal guides and
bearings provide support, maintain the table in a levelled position, and limit parasitic vertical
oscillations. A digital signal generator creates the harmonic sweep and a 2050E05 (modal shop INC)
amplifier receives the produced signal and activates the shaker. Both sinusoidal inputs as well as sine
sweeps can be generated by controlling the voltage signal of the shaker. This signal results to a nearly
flat spectrum for a given frequency range, thus exciting uniformly the specified range.

[ r—|
NI LabView 2013 ’\ = '
software | O_EJ lgl(l)ll.zi)Wef\tN [ NI USB9162
. software
' 1 [
= | ==
/ e\ = - — =
[ En\— - “\SN
NI CB-68LP
terminal PCB 333B30
connector uniaxial acc.
| block
NI PCI-6052E
|
PCl card. I oo O O O e ®)
[ O m
2050E05 amplifier
MB Modal Shaking table

110 shaker

Figure 6. Schematic diagram of the experimental setup.

The metamaterial chain is positioned on the shaking table, with longitudinal guides ensuring that
movements occur primarily in the intended direction. To minimize friction between the guides and the
support, a lubricant liquid is used, although some minimal friction is still present. The cells are entirely
disconnected from the shaking table except for the support of the first cell, which is mounted to the
table's shaker to create longitudinal wave propagation within the lattice.

The system's dynamic response is measured using uniaxial PCB 333B30 accelerometers, which have a
sensitivity of 10.2 mV/m/s?> and a sampling frequency of 2 kHz. The measurements are taken at
various locations, including the last unit-cell and the shaker input signal. An NI USB9162 card is used
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to connect the accelerometers to the computer, and data recording is performed through the NI
LabView 2016® software. In-house scripts developed on MATLAB R2020b"™ software are used for
post-processing the data.

The DDA enhanced lattice is presented in Figure 7. The design is centered around a mass-in-mass
configuration where the resonating mass is linked to the external mass through two extension springs.
A LEGO® assembly supports the amplifiers above the shaking table providing a steady ground to the
hinged connections. The Amplifier’s angle is selected as ¢ ~ 55°.

Plan view

Figure 7: Overview of the LEGO® DDA enhanced Locally resonant (LR) structure comprised of
three (3) unit-cells.

5. Experimental Results

This section examines the obtained experimental results. Both sine-sweep and single-harmonic inputs
were used in the tests, with acceleration measurements carried out using small amplitude excitations to
ensure the linear elastic behaviour of the metamaterial. The wave transmission spectrum is obtained by
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calculating the ratio of output to input spectral accelerations F {L‘j ey L'jli”} , using the FFT function. The

fin
attenuation capabilities of each metamaterial device is evaluated based on this spectrum, and the
efficiency of each device is assessed by comparing its attenuation zone to the analytically predicted
bandgaps.

The analysis of the experimental results of the LR structures begins with the theoretical estimation of
the dispersion curves. Figure 8 (a) indicates the frequency range that an attenuation zone is expected
from the experimental measurements before and after the addition of the amplifiers. The conventional
structure is expected to present an attenuation zone between 7.1 and 10.1 Hz and this zone is expected
to be increased by 113% after the inclusion of the DDAs. Thus, in order to validate the design of the
locally resonant structure before progressing with the enhanced lattice, the experimentally measured
dynamic response of the metamaterial is compared with the analytically estimated frequency response,
provided in Figure 8 (b). Indeed, the two curves are in agreement, bearing in mind all the potential
discrepancies and especially the role of friction among the units and the guides. A certain amount of
damping, in the form of damping ratio (£ =7%) is assumed in the theoretical model, originating from

the guides-units friction, aiming to fit the experimental curve.
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(a) (b)
Figure 8. (a) Expected theoretical dispersion curves of the LR LEGO® Technic assemblies. (b)
Comparison between the experimental and analytically estimated frequency response

F{ugut|ulr b r{ugut[ulr }r{igUt| it} for the four (3) unit-cell chain of the LR structure.

Figure 9 illustrates the frequency response of the conventional and enhanced LR metamaterial device,
as measured experimentally. The size of the attenuation zones is used to evaluate the response of the
two metamaterials. The "conventional" locally resonant structure exhibits a bandgap ranging from 7.5
to 10.1 Hz, which aligns with the theoretical estimation. On the other hand, the DDA -enhanced
structure demonstrates a bandgap between 4.5 and 9.5 Hz, which is slightly smaller than the
theoretical estimations (indicated by shaded areas). Overall, the dynamic response of the proposed
prototypes verifies the analytically predicted response of the two arrangements, exhibiting the
capabilities of the DDA enhanced LR lattices.
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Figure 9. Frequency content of the response of the LR lattice with and w/o the DDA (¢=55° for a
three (3) unit-cell lattice. The maximum acceleration of each unit p is denoted as max U'; .

6. CONCLUSIONS

This work experimentally investigates the dynamics and filtering properties of DDA-enhanced LR
periodic structures through experimental methods. The unit-cells of the lattices are composed of
LEGO® assemblies connected through spring assemblies comprised of compression and extension
springs. The experimental transmission spectrum of the finite-sized locally resonant structure exhibits
a substantial signal reduction within the identified bandgap region initially determined by the
dispersion analysis, when only three (3) unit cells are considered. Incorporating the DDA mechanism
further enhances the metamaterial's behaviour, extending the attenuation zone to lower frequencies,
while reducing the bandgap depth and mitigating the resonant peaks outside the attenuation zone. The
conclusion is that the DDA inertial amplification mechanism can improve the design of vibration
mitigation and shock-absorbing metamaterials at various length scales. While this is an initial
investigation, validated by a scaled proof-of-concept system, further study is necessary to determine
the feasibility of the proposed designs and potential practical limitations prior to proceeding to realistic
full-scale applications. The practical implementation aspects of the proposed designs for seismic
protection of structures, energy harvesting, or acoustic absorption are topics of interest for future
examination.
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