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Abstract

Phononic structures with periodic unit-cells that exhibit Bragg scattering, have been investi-
gated during the latest years by various researchers due to their extraordinary wave manipu-
lation and filtering properties. One major feature of these metamaterials is their ability to
generate stopbands or bandgaps in the frequency domain, hence presenting significant vibra-
tion attenuation properties. However, this mechanism presents certain design constraints in
generating broadband bandgaps, especially in the low-frequency range, where large masses
are required. To this end, a novel dynamic directional amplifier, namely the DDA, is intro-
duced as a means to artificially increase the inertia of an oscillating mass. The DDA is real-
ized by imposing kinematic constraints to the degrees of freedom (DoFs) of the oscillator,
hence inertia is increased by coupling the horizontal and vertical motion. In this study, the
DDA is implemented in an experimental scaled phononic set-up that is constructed using
LEGO® Technic components. Experimental testing is undertaken as a feasibility assessment
of the concept and results indicate the low-frequency wave attenuation properties of the struc-
ture.

Keywords: Phononic structures, Metamaterials, Amplification mechanism, Experiment, Vi-
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1 INTRODUCTION

Phononic structures with unit-cells exhibiting Bragg scattering present unique wave propa-
gation properties at wavelengths well below the regime corresponding to bandgap generation
based on spatial periodicity. Thus, to have a low-frequency Bragg gap, low wave speeds i.e.,
large lattice constant are required, while heaviness, low stiffness, and large size prohibit their
exploitation in practical purposes [1].

Therefore, achieving wide and low-frequency bandgaps, based solely on conventional
phononic structures is a challenge. Recent attempts have been made towards artificially in-
creasing the resonating mass's inertia via amplification mechanisms. Inspired by the success-
ful application of inertial amplifiers in engineering applications, several works proved their
suitability in the context of periodic structures [2—6]. Several architected metamaterial struc-
tures with inertial amplification mechanisms [7-9] or negative stiffness properties [10,11]
have been manufactured and experimentally tested. Yilmaz and his research team [2,4,12—14]
first introduced designs of periodic structures with embedded inertial amplification mecha-
nisms and conducted a series of experiments in compliant periodic structures, 3D printed
specimens, as well as samples manufactured by aluminum beams. Similarly, Bergamini et al.
[15] and Zaccherini et al. [16] exploited chirality and tested 3D printed elements searching for
large low-frequency bandgaps, while Chondrogiannis et al. [17] examined a geometrically
nonlinear metamaterial constructed by LEGO® Technic bricks.

In this paper, inspired by the benefits induced by the insertion of DDA mechanisms within
the structure [18-21], one-dimensional inertial amplified lattices are designed for the mitiga-
tion of low-frequency mechanical vibrations. To this end, a DDA-enhanced phononic met-
amaterial chain is constructed and tested, consisting of LEGO® Technic bricks. Results
validate the concept of DDA-enhanced structures and prove that the proposed metamaterials
can be adequately described by the developed analytical and numerical models. Lastly, the
established prototypes indicate that realistic full-scale designs are feasible and suitable for a
wide range of applications, i.e., seismic mitigation, vibration isolation, acoustic mitigation etc.

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 con-
straint between the DoFs u and v. The lumped parameter model is described by the coordi-
nates 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(x,/ y,), while 8 denotes the rotation of the rod at the generic position B of the

moving mass. ky, k, are the springs stiffnesses, cx, ¢y the damping coefficients on the horizon-
tal 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 fol-
lows:

Mii+Cii+ Ku=F (1)

where, M = (1+tan*(p))m, C=c, + cytanz(go) and K =k_+ kytanz((p) .
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(a) (b)

Figure 1: Kinematic model of the Dynamic directional amplification (DDA) mechanism, where the motion v of
mass m is kinematically constrained to the motion u, (a) initial mass position (b) mass position at deformed state.

2.2 2D phononic lattice with Dynamic Directional Amplification (DDA) mechanisms

The infinite mass—spring—dashpot lattice with the DDA is depicted in Figure 2.

2p-1 2p 2p+l  2p+2

Figure 2: 2D phononic lattice with dynamic directional amplifiers (DDA).

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 irre-
ducible unit-cell via Bloch’s theorem. The dispersion relationship of the phononic structure
with directional inertial amplifiers is given by:

det| -4’ M i+ AC i + K ,u |= 0 )
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where
m, 0 0
M, ,=| 0 m 0
0 0 my(l+p?)
2k, 0 —k (1+e™™)
My 7
— b4
K, = 0 2k, 2pk.e * cos[?]
—k, (1+e”‘~‘) 2pk e cos[%} 2k, +2p%k, )
2c, 0 —c (1+e7*)
’j:”x ﬂ
- )
C,.= 0 2c, 2pce ? cos(;j
, I 7 5
—c (1+e’) 2pce? cos| — 2¢ +2p°c
_ ( ) 2pc, [ : J e

3 DESIGN OF THE EXPERIMENTAL DEVICE

Figure 3 depicts the conceptual LEGO® configuration where the amplifier is installed at
the base of mass m, . Apart from the extension springs that are custom made and the longitu-

dinal guides that are made of aluminum to increase vertical and lateral rigidity, the metamate-
rial’s components are assembled using LEGO® Technic parts. The selection of a LEGO®
Technic assembly is adopted due to the design simplicity, cost, and accuracy merits compared
to alternatives such as steel structures and 3D printed elements. The studied device was ini-
tially conceptualized and then drawn in Lego Digital Designer where different arrangements
can be easily examined before assembling the actual physical models. The structure consists
of only four (4) unit-cells, as per previous studies on various linear and nonlinear metamateri-
al designs [17,22,23] is shown that even for a reduced number of unit-cells a substantial
bandgap can be generated, leading to noticeable motion reduction. A hinged connection is re-
alized using the LEGO® Technic parts and allows the link to rotate freely, while a fixed base
is built to support independently the DDA mechanisms. The unit-cells are connected by an
arrangement of springs. To ensure that these springs work properly in both compression and

extension, two additional coils of stiffness k, /2 are installed to the LEGO® linear spring of

stiffness &, to keep the latter in a prestressed state [17], as illustrated in Figure 4.
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__________________________________________________________________
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Figure 3: Illustration of the rendered LEGO® DDA enhanced phononic metamaterial design.
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Figure 4: Assembly of the linear stiffness elements at rest: (left) original, (center) modified configuration, (right)
physical assembly [17].

The additional components shift the stable equilibrium position backwards by A/ . This al-
lows 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 £, is therefore calculated as:

k =k +k 4)

Table 1 summarizes the characteristics of the spring assemblies that are used in the models;
these are the stiffness value k, , as well as the individual stiffness of the extension spring (&, )

and compression spring (&, ).
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Extension spring  Compression spring  Spring Assembly
ke [Nm™] ke [Nm™] kn [Nm!]

80 320 480

Table 1: Stiffness characteristics of the experimentally tested springs.

The mass properties of the individual elements of the phononic metamaterial lattice are tabu-
lated in Table 2. Mass m, is realized by LEGO ® parts, while mass m,, is adjusted to reach

the required weight by installing supplementary steel weights; i.e., m, =m, +m', where m'is

the additional weight.

Element Mass (g)

m, 58
m, 58
m' 150

Table 2: Mass measurements for the individual parts of the experimental phononic models.

4 DESCRIPTION OF THE SETUP

The configured experimental setup is presented in Figure 5.

(g —|
NI Labview 2013°||| (== A ‘
coftware J [\ NI LabView : NI USB9162
[ ==
. J 2016° software | = =
D I a=
NI CB-68LP
terminal PCB 333B30
connector uniaxial acc.
— block
NI PCI-6052E
L e >
PCl card. [ I=T= O O O 1| @) O
[ O =m
2050EQ5 amplifier
MB Modal Shaking table
110 shaker

Figure 5: Schematic diagram of the experimental setup.

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 genera-
tor creates the harmonic sweep and a 2050E05 (modal shop INC) amplifier receives the pro-
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duced 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.

4

Unit-cell

Figure 6: Overview of the LEGO® DDA enhanced phononic structure consisting of four (4) unit-cells.

The metamaterial chain is installed at the shaking table, where longitudinal guides ensure
that displacements develop primarily in the desired direction, while lubricant liquid minimizes
the effect of friction between the guides and the support. Apart from this minimal inevitable
friction, the cells are completely detached from the shaking table. The input is applied to the
left end of the chain, where the support of the first cell is mounted to the shacking table, hence
creating longitudinal waves to propagate within the lattice.

The dynamic response of the system is measured using uniaxial PCB 333B30 accelerome-
ters with 10.2 mV/m/s* sensitivity and a sampling frequency of 2 kHz. The measuring loca-
tions include the last unit-cell, as well as the shaker input signal. The accelerometers are
connected to the computer through an NI USB9162 card. The recording of the measurements
is done via the NI LabView 2016® software, while the post-processing is carried out using in-
house developed scripts on the MATLAB R2020b® software.
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The DDA enhanced lattice is presented in Figure 6. In this case the amplifiers are added to
the units with the extra masses m' and an external LEGO® arrangement is erected in front of
the shaking table. The links form an angle ¢ = 60° with the units and longitudinal guides are
added only to those units that are not connected with an amplifier, allowing in this way the
others to rotate freely.

5 EXPERIMENTAL RESULTS

This section discusses the obtained experimental results. The tests include inputs of sine-
sweep excitation and validation through single-harmonic inputs. The acceleration measure-
ments are carried out with small amplitude excitations to ensure that the metamaterial features
a linear elastic behaviour. The experimental wave transmission spectrum is obtained as the

ratio between the output and input spectral accelerations F {u;f,’f /iif”} using the FFT function

and the efficiency of each metamaterial device is evaluated upon its attenuation capabilities.
The attenuation zone of the tested metamaterial device corresponds to the regions where the
ratio of the frequency content between output and input falls below unity and is compared to
the analytically predicted bandgaps.

The analysis of the experimental results of the phononic structures begins with the theoret-
ical estimation of the dispersion curves. Figure 7 (a) indicates the frequency range that an at-
tenuation zone is expected from the experimental measurements before and after the addition
of the amplifiers. The amplifiers improve the expected bandgap by 60%; the acoustic branch
of the dispersion curves is expected to shift from 8.5 to 4.5 Hz. Then, a comparison is carried
out in Figure 7(b) between the theoretically estimated dynamic response and the experimen-
tally measured frequency response of the conventional phononic structure (device w/o the
DDA mechanism), in order to verify the performance of the experimental setup.

20

—y ——
................................................................. - phononic experimenta]
N o 30 = phononic theoretical
5 H]
=) | | %
= = £ (q) (Phononic w/o DDA) i S 10t
§‘ 10| ==7/-(g)(Phononic — DDA with ¢ = 60°) =
: =
L;‘ i 10
-30 . ; : ) I
0 ql- " ! 3 > ! ° . .
Frequency [Hz|
() (b)

Figure 7: (a) Expected theoretical dispersion curves of the phononic LEGO® technics assemblies. (b) Compari-
son between the experimental and analytically estimated frequency response
1in

F{ii:“’ /iif"} *F{“efut| “Iln}*F{“fut| “Iln}]:{u‘gu |Hl } for the four (4) unit-cell chain of the phononic structure.

It is obvious that only the acoustic part of the dispersion relation is explored, as the optical
branch corresponds to much higher frequencies which are not studied herein. Therefore, in
this low-frequency regime, only the opening frequency of the bandgap is spotted, where for
lower values, wave propagation is not prohibited and for higher attenuation is present. Fur-
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thermore, it is observed that the two curves show some differences in terms of the opening
frequency of the attenuation zone and the resonance peak, yet, the general dynamic perfor-
mance of the metamaterial is captured; the experimental bandgap due to Bragg scattering is
realized. At this point it should be mentioned that a minimal amount of damping (¢ =5%) is
prescribed at the analytical model, arising from the developed friction between the guides and
the units.

Next, for the sake of comparison, the frequency response of the metamaterial device with
and without the amplification mechanisms are plotted together. Figure 8 illustrates the exper-
imental dynamic response of the two structures, where the enlargement of the attenuation
zone is apparent after the inclusion of the DDA. As discussed, the upper limit of the bandgap
could not be measured, nonetheless, an approximate difference of 1.5Hz is observed between
the opening theoretical estimated frequencies (demonstrated by the shaded areas) and the ex-
perimentally measured ones.

60 .
i = Phononic w/o DDA
a0 i = Phononic - DDA
= |
= ! phononic bandgap
is [
5. I . S S
=3 0 : :
“E: DDA enhancell phononic bandgap
|
- |
-20
-40 1 1 1 1

1 3 5 7 9 11 13
Frequency [Hz]

Figure 8: Frequency content of the response of the phononic lattice with and w/o the DDA ¢=60° for a four (4)

unit-cell lattice. The maximum acceleration of each unit p is denoted as max u, .

Overall, the dynamic response of the proposed prototypes verifies the analytically predict-
ed response of the two arrangements, exhibiting the capabilities of the DDA enhanced phono-
nic lattices.

6 CONCLUSIONS

In this paper, the dynamic and filtering properties of a conventional phononic structure and
a DDA-enhanced phononic structure were experimentally investigated. The unit blocks of
both arrangements consist of LEGO® assemblies connected to each other through spring as-
semblies comprising compression and extension springs.

Phononic Bragg bandgaps were sought in the very low-frequency regime based on theoret-
ical predictions based on dispersion analysis. The experimental tests proved the existence of
these attenuation zones and revealed the opening bandgap frequency. Specifically, the DDA-
enhanced structure clearly showed a better response compared to the conventional structure;
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the lower bound of the bandgap was shifted to lower frequencies, increasing this way the
overall width of the attenuation zone.

It is concluded that the DDA inertial amplification mechanism can be used for enhancing
the design of vibration mitigation structures and shock-absorbing materials at various length
scales. While this is an initial investigation, validated by a scaled proof-of-concept system, the
feasibility of the proposed designs as well as the potential practical limitations should be fur-
ther studied prior to proceeding to realistic full-scale applications. The practical implementa-
tion 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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