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ARTICLE INFO ABSTRACT
Communicated by X. Jing The use of metamaterials is an established approach in the field of vibration isolation, leveraging
X . their exceptional tunability over a vast range of frequencies. A key challenge in designing lattice
Meg’tv: r(;ratérials structures is the trade-off between geometrical compactness and wideness of the bandgap, i.e.
Multi-material the frequency range in which wave propagation is not allowed. A possible solution to reduce
Decoupling the size of the structure while maintaining or improving its vibrational performances, is to
Vibration probe incorporate different materials in the metamaterial design. In this paper, we present a compact
Vibration testing metamaterial, whose design is driven by a multi-material approach, that exhibits extraordinary

properties in terms of wide frequency bandgap and lower frequency threshold. The vibrational
performance of the proposed metamaterial is validated both numerically and experimentally
for a unit cell with a side length of 3 cm. The results show a bandgap opening frequency of
1257 Hz and a low pass filter behavior in the range 1.25-13.83 kHz. Therefore, the proposed
solution represent a significant advancement in the field of periodic structures, as the structure
exhibits low frequency isolation performances relative to unit cell compactness. The proposed
solution can therefore be used in several applications, such as in compact hand-held vibration
probes and dynamic vibration absorbers.

1. Introduction

Nowadays, the interest of the scientific community is increasing on the topic of metamaterials and their wide area of application.
Their extreme versatility and adaptability in conjunction with their high performance and tailor-oriented approach are leading
to a revolution in the engineering fields. In general, metamaterials are widely known for their unusual properties, typically not
available in nature. The main tasks in which metamaterials excel are wave absorption, isolation and manipulation. Starting from
electromagnetism and optics to vibration and acoustics, they changed the way material properties could be tailored to a specific
purpose [1]. Due to their high performance over a wide frequency range, spanning from Hz [2-4] to hundreds of kHz [5], they are
beginning to emerge as valid solutions in a wide variety of engineering applications.

In the field of vibration isolation, various research groups have proposed solutions to problems in different topics. Yao et al.
proposed a micro scale metaplate for vibration isolation in Micro-Electro-Mechanical Systems (MEMS) [6,7]. Moreover, they can be
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used for reducing anchor losses in MEMS [8]. In [9], metamaterials are employed for joint compressive sensing and simultaneously
azimuth-distance location. Moving to examples in the macro scale, Yu et al. [10] proposed a load-bearing support design with
integrated vibration-isolation embedding metamaterial absorbers for vibration and noise reduction in power units. Sangiuliano et al.
exploit a metal 3D printed resonant metamaterial to reduce structure-born low frequency vibration related to acoustic modes of
tyres [11]. Polymer sheets with embedded local resonant systems have been proposed as a flexible and lightweight solution in
vibration absorption due to ease of production [12]. Metaconcrete made by single and double mass resonators can be installed in
buildings to trap wave energy from shock and vibrations, to reduce the stress in mortar when subjected to dynamic loading [13,14].
Mir et al. proposed a MetaWall for sound insulation and energy harvesting as an alternative for traditional roadside noise
barriers [15]. Muhammad et al. proposed an attenuation solution for bearing induced vibration that uses a metahousing consisting
of a dissipative elastic metamaterial and exploiting resonant units mismatch to broaden the metamaterial working range [16]. Liu
et al. proposed a tunable multi-functional metamaterial sandwich panel that can achieve load-bearing, energy absorption, and low-
frequency vibration isolation properties in conjunction [17]. Regarding acoustics applications [18], metamaterials are engineered
to be embedded in resonant panels to reduce structure-born noise [19-24].

The design strategy of metamaterials mainly aims at maximizing wave isolation performance, i.e. wideness and position of
bandgaps in the dispersion diagram, without sacrificing compactness and load-bearing capacity of the structure itself. For this
purpose, different approaches have been proposed from homogenization techniques [25,26] to topology optimization [27-29],
to deep-learning driven [30,31] and non-linear design methods [32,33], genetic algorithms based optimization [34]. Lattice
geometries [35] with hexagonal [36], chiral [37,38] and controllable gyroscopic chiral [39], star-shaped [40-42] and origami-
inspired [43] unit cell designs are examples of solutions available in literature so far. Moreover, a strong interest is to be sought into
multi-functional and tunable metamaterials [44-49], combining different physical properties, such as wave propagation, acoustics,
heat transfer, electrodynamics and magnetism, to optimally tune metastructure characteristics in order to respond to multiple design
requirements. In particular, contributions from Wang et al. [50] and Zhao et al. [51] both focused on reaching appropriate low-
frequency vibration and impact isolation performance without sacrificing the load-bearing capacity of the structure. The former
exploits rotary buckling deformation and overdamping effect using a hyperelastomer embedded in a metal outer frame arranged
on a quadrilateral cell structure. The latter consists of a Quasi-Zero-Stiffness (QZS) metastructure which is customized using an
optimization design method considering the complex working conditions required in engineering applications.

The concept of Locally Resonant Materials (LRM), firstly introduced by Liu in [52], exploits the introduction of spring—mass
systems to obtain wave attenuation with characteristic lattice dimensions smaller than the targeted wavelength. They have been
used widely in the world of metamaterials for narrow frequency band isolation and have been used by researches as a starting point to
reach higher and broader wave isolation performances. Claeys et al. designed and analyzed a metamaterial plate for acoustic isolation
adding bending local resonators in a rectangular core sandwich, allowing good performances through a lightweight structure [53].
The proposed metaplate can be integrated in structural parts, used in harsh environment and easily tailored to specific applications.
Built-in local resonators can also be exploited to design metamaterial beams for vibration suppression without sacrificing the load
bearing capacity of the beam [54]. Matlack et al. proposed a scalable elastic metastructure for vibration and noise mitigation at low
frequencies which exploited the architected lattice geometry to selectively control local resonant modes [55].

In literature, many other strategies to obtain wide frequency bandgaps also in the low frequency range can be found. Meng et al.
proposed a rainbow metamaterial that exploits spatially varying resonators to obtain a broader frequency bandgap. Multi-frequency
broadband attenuation could be achieved using a non-symmetric configuration of resonators [56]. In [57], a three dimensional
truss-lattice structure is proposed for low frequency wave propagation absorption, coupling the Bragg resonance, originated by a
body-centered cubic lattice, and a local resonance, established by locally increasing beam diameters. Claeys et al. proposed different
combinations of multiple resonators to achieve multiple stopband filters for reducing vibration in a known transmission path,
acting on specific targeted frequency zone [58]. In dissipative elastic metamaterials, damping properties of the constituent unit
cell can be exploit to merge attenuation region induced by different resonators, obtaining a broaden version with respect to the
undamped case [59]. Non-linearity can be also exploited to attenuate vibration over a wider bandgap range compared with linear
solutions [60]. Furthermore, the mixing of local resonances with Bragg bandgaps mechanisms allows one to widen the attenuation
frequency range [61]. This mechanism, also presented in [62], is called the modes separation method and the operating principle
of the metamaterial presented in the current paper is based on it.

Several works concerning the design of metamaterials characterized by wide and low frequency bandgaps, which exploit the
mode separation technique, are present in literature. In Table 1 works related with this topic are summarized in a straightforward
way, comparing their performances. The bandgap performance is defined as the ratio of the frequency band (4w) over the central
frequency (w,) as given in Eq. (1):

Aw _ 2(w; — wy) o)
. ; +

where o, is the bandgap closing frequency and w, is the bandgap opening frequency. The wider the bandgap, the greater the bandgap

performance. Percentage in Table 1 is relative to the effective bandgap, which considers the presence of both local resonances and

flat bands in the bandgap.

The unit cell size is also given to account for the metamaterial encumbrance. Finally, numerically retrieved attenuation deeps
within the bandgap region is given in dB for the sake of completeness. Note that attenuation is strongly dependent on the number
of cells and, therefore, strongly varies between the reported solutions.

In this work, starting from the very promising results proposed by D’Alessandro et al. in [78], a metamaterial is designed as a
decoupling element for accelerometer probes applied in automatic end-of-line controls for fast and reliable structural testing in the
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Table 1
Metamaterials based on mode separation technique and related references.
Reference Composition Bandgap Aw/o, Unit cell Attenuation Year
type type size (mm) (dB)
Hou et al. [63] Single-Material 3D 86% 60 155 2024
Bao et al. [64] Single-Material 3D 61% 80 85 2024
Yong et al. [65] Multi-Material 2D 71% 75 50 2024
Gao et al. [66] Multi-Material 2D 46% 46 220 2023
Zhang et al. [67] Single-Material 3D 48% 20 73 2023
Yu et al. [41] Single-Material 3D 143% 25 450 2022
Jiang et al. [68] Single-Material 3D 161% 30 40 2021
Muhammad et al. [69] Single-Material 3D 160% 50 250 2021
Fei et al. [70] Single-Material 3D 83% 60 200 2020
Muhammad et al. [71] Multi-Material 2D 92% 1 920 2020
D’Alessandro et al. [62] Single-Material 3D 140% 50 280 2020
Kumar et al. [72] Single-Material 2D 87% 25 - 2019
Barnhart et al. [59] Multi-Material 1D 58% 15 20? 2019
Zhou et al. [73] Multi-Material® 1D 155% 100 50 2019
Elmadih et al. [74] Single-Material 3D 68% 30 77¢ 2019
Muhammad et al. [75] Multi-Material 2D 150% 2500 30 2019
D’Alessandro et al. [76] Single-Material 3D 135% 50 300 2019
D’Alessandro et al. [77] Single-Material 3D 64% 50 250 2018
D’Alessandro et al. [78] Single-Material 3D 159% 50 230 2017
Lu et al. [79] Multi-Material 3D 100% 10 - 2017
D’Alessandro et al. [80] Single-Material 3D 132% 50 75 2016
Acar et al. [81] Single-Material 2D 74% 119 100 2013

a A damping of 100% is considered.
b Active components are present.
¢ Experimental data.

context of inspection and quality control applications. The accelerometer is mounted on the tip of the probe and pushed against
the target surface under test. The handle must be carefully designed in order to allow for constant contact without introducing
spurious vibration, thus representing an efficient decoupling element between the operator (human/cobot/robot) and the sensor.
In addition, it has to ensure an axial loading direction during the measurement to avoid shear forces acting on the accelerometer.
Some prototypes available so far use rubber to eliminate any spurious interfering inputs, but this solution limits the operating
frequency range of the sensor. However, hand-held vibration probes embed metrological issues with respect to fixed-installation
solutions. Indeed, the stability of the contact between the sensor and the structure under test is crucial to obtain reliable data.
This feature cannot be guaranteed in hand-held solutions. Innovative and efficient vibration probe designs are therefore needed to
achieve a twofold goal: (i) ensuring stable and effective decoupling between the operator holding the probe and the sensing element
in the required frequency range; (ii) guaranteeing stationary contact between the sensor and the target structure. A metastructure
exhibiting a wide and low frequency bandgap represents a promising realization of a decoupling element to be used in a hand-held
probe for vibration end-of-line testing applications. To satisfy all the requirements of such an application, the metastructure must
be indeed small in size and lightweight to guarantee a comfortable handling, must have an adequate strength to ensure proper
loading in the axial direction without bending excessively during the measurement, must present a strong attenuation and show
a flat transmissibility in the wide frequency range of interest, i.e. from 1 kHz to 10 kHz, to avoid introducing disturbances in
the measurement. Differently from the available results summarized in Table 1, in the optimization process here proposed, the
maximum axial load that the metamaterial solution can carry without deteriorating its isolation performances, is crucial and will
be considered as a strict constraint in the design process. Therefore, a compromise has to be made between having a wider bandgap
characterized by a low starting frequency, the unit cell compactness and the load-bearing capability. In particular, the combination
of existing metamaterial design with machined steel component or metal dust improve the load-bearing and the vibration isolation
performances of metamaterials, both in terms of resonant frequency tuning and increase of the damping behavior of the structure.
State-of-the-art metamaterials are engineered to be extremely tunable with a broad spectrum of applications and high isolation
properties. Our outcome is tailored to the specific application of vibration decoupling in the case of vibration probes. The proposed
design is capable of combining extremely flexible elements with relevant rigid masses without losing structural integrity and resulting
in a very compact and lightweight solution [82]. In this paper, we focus on the bulkiness reduction of the unit cell to move towards
greater versatility and ease of use for the considered application. The need to reduce the overall dimensions of the metastructure,
while maintaining its vibrational performances, can be achieved by exploiting a multimaterial approach. In addition, we focused on
structure modularity for metastructure scalability in size. The paper is organized as follows. Section 2 introduces the design of the
metamaterial together with a detailed sensitivity analysis of the bandgap. Section 3 presents the static and dynamic analysis of the
finite structure through the use of numerical modeling. A prototype of the metastructure is assembled and experimentally evaluated
in Section 4 under static and dynamic conditions. In Section 5, the performance of the isolation element, used in a vibration probe
configuration, is assessed in a laboratory setup. Finally, Section 6 summarizes the main conclusions.
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Table 2

Material properties for fine polyamide PA 2200 for EOSINT P SLS printers.
PA 2200
Particle dimension Laser diffraction 60 pm
Density Laser sinterized 0.9-0.95 g/cm?
Tensile modulus DIN EN ISO 527 1700 + 150 N/mm?
Shear modulus DIN EN ISO 527 1240 + 130 N/mm?

7

(a) Multimaterial unit cell final as- (b) Plastic skeleton. (c) Metal tetrahegonal masses.
sembly.

Fig. 1. Multi-material unit cell.

¥ %

offset

AN

(a) Multimaterial unit cell final as- (b) Unit cell size parameter a. (c) Steel mass cutting plane referred
sembly. as Offset.

Fig. 2. Unit cell geometric parameters.

2. Unit cell design

The metamaterial geometry here proposed is strongly inspired to the one presented in our previous paper [82]. Here we aim
to reduce the bulkiness of the metastructure in conjunction with a bandgap enhancement in terms of frequency performance. The
multimaterial approach is then chosen as a promising strategy to achieve the above mentioned goal. The metastructure topology
remains unchanged with respect to one published in [82]. Plastic tetrahedral masses, located at the corners, are however replaced
with steel ones. Moreover, adequate joints are engineered to connect tetrahedral masses to the metastructure skeleton. Furthermore,
slanting beam connections are designed bulkier to be more robust in terms of structural strength and to improve its resistance to
fatigue. The resultant multimaterial unit cell is reported in Fig. 1. The full assembly is shown in Fig. 1a, whilst the plastic skeleton
and the steel masses are depicted in Fig. 1b and c, respectively. A custom housing is designed to attach the masses to the plastic
skeleton.

The Polyamide PA 2200 is chosen for prototyping the internal structure of the system through Additive Manufacturing techniques,
e.g. SLS technology. This choice was driven to balance production complexity and system performance. Nominal material properties
of PA 2200, which are used for the initial bandgap design, are shown in Table 2. The tensile modulus is equal to 1700 MPa,
while a value of 1240 MPa is chosen for the Shear modulus along with a density of 0.9 g/cm?. The resultant Poisson ratio reads
v=E/2G - 1 = 0.31452, while wave speed can be computed as v = /£ = 1374 m/s. The nominal material properties of the steel
used for the tetrahedral masses are listed hereafter: tensile modulus is equal to 205 GPa, Poisson ratio v is equal to 0.28 and the
density is equal to 7850 kg/m>.
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Fig. 3. (a) Bandgap dependence on unit cell size a. The slanting beam diameter is 1.2 mm, while the offset is 3.5 mm. (b) Bandgap dependence on diameter
d. The unit cell size is 35 mm, while the offset is 3.5 mm. (c) Bandgap dependence on steel mass offset offset. The slanting beam diameter is 1.2 mm, while
the unit cell size is 35 mm.

To identify the unit cell geometry parameters that can minimize the encumbrance of the metastructure while maximizing its
frequency performances, i.e. moving towards lower frequencies, a sensitivity analysis is carried out. The unit cell size a, the slanting
beams diameters d and the steel mass cutting plane offset are then chosen as optimization variables (see Fig. 2).

Each parameter has been swept in a range compatible with the 3D-printing technique here employed to fabricate the
multimaterial prototype, while keeping the others fixed to the nominal dimensions, i.e. ¢ = 35 mm, d = 1.2 mm and offset =
3.5 mm. In particular, the unit cell size a spans from 30 mm to 35 mm, the slanting beam diameter d from 1.2 mm, i.e., the limit
of the SLS technology, to 1.6 mm and the offset from 3 mm to 4.5 mm. In Fig. 3a, the evolution of the bandgap is reported for
different values of a. Note that, by varying a while keeping d and of fset constant, we increase the metal mass and the length of
the slanting beams. As expected, by increasing the mass and decreasing the stiffness of the slanted beams both the bandgap opening
and closing frequencies decrease with the increase of a. To decouple the mass and stiffness effects and identify which is the most
relevant contribution, we first analyze the modal shape-functions of the opening and closing modes (see Fig. 4b) and then, we run
the parametric study on d and of fset. From Fig. 4b, it seems that the mass effect is more pronounced than the stiffness one being
slanted beams only partially involved in the opening and closing modes. To verify such statement, we plot in Fig. 3b the bandgap
evolution under slanted beam diameter variations. As expected, both bandgap opening and closing frequencies are increasing with
the slanted beam diameter, i.e. mechanical stiffness, but such effect is much less relevant than the effect evidenced in 3a. Finally,
we sweep the of fset parameter so to investigate the effect of the mass on the bandgap. Steel is indeed introduced in the geometry
on cube corners, cutting and replacing them accordingly to Fig. 1. Thus, the distance of the cutting plane from the center of the
cube, called offset, defines the base of the steel masses and the relative weights of the two constitutive materials. From Fig. 3c we
clearly see the confirmation of the strong influence of the mass on the bandgap width. As expected, by increasing the offset, the
metal mass decreases and the frequencies increase.

The need of compactness for easy of usage in the industrial environment led to chose the smallest unit cell size possible for
the SLS technology, in this case equal to ¢ = 30 mm. Therefore, to compensate the shift versus higher frequencies due to unit cell
reduced size, i.e. to lower the bandgap opening frequency while maintaining equal isolation performances, a diameter of d = 1.2 mm
is chosen, which is the smallest feasible for the manufacturing process. For the same reason, a of fset = 30 mm is chosen, thus
further lowering the bandgap opening frequency. To numerically verify the bandgap properties of the chosen unit cell, a dispersion
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analysis is performed in COMSOL Multiphysics©. Block-Floquet boundary conditions are applied on the four surfaces of the unit
cell to simulate the periodic repetition along the three orthogonal directions of the cell in the infinite periodic medium. According
to the geometry of the unit cell and to its symmetries, the Irreducible Brillouin Zone (IBZ) shown in the inset of Fig. 4a is chosen
for the dispersion analysis [83]. The maximum element size used to mesh geometry is smaller than 1/5, where 1 is the wavelength
associated with the highest frequency to be considered (which is equal to 13 836 Hz, refer to Fig. 4 b). From Fig. 4a, it is evident that
under the hypothesis of infinite periodic repetition of the proposed unit cell, three wide and low frequency bandgaps are present.
The first bandgap opens at 1257.2.1 Hz and closes at 7808.1 Hz, the second covers the range of frequencies from 7834.6 Hz to
12533 Hz, while the third from 12741 Hz to 13836 Hz. Moving towards higher frequency, even more bandgaps are present but
they are not considered for our purposes. To better investigate the bandgap opening mechanism, in Fig. 4b the modal shape functions
of the opening and closing modes for each bandgap are reported together with their dimensional frequencies at the point Z of the
IBZ. Similarly to the previous work [82], the opening mode of the first bandgap involves a big modal mass, while the others clearly
represent local modes characterized by the deformation of elastic connections as evident from the internal views of the mode shapes
reported in the same figure. This proves the employed design strategy and leads to the conclusion that few repetitions of the unit
cell are sufficient to obtain a drastic reduction of the wave propagation also in the frequency ranges corresponding to the second
and third passbands.

3. Numerical predictions

A transmissibility analysis is carried out in a numerical model using COMSOL Multiphysics© and considering a repetition of
three unit cells in the axial direction, obtaining a 1 x 1 x 3 metastructure. In order to be representative of the experimental test, the
input signal is provided in terms of acceleration as a sine wave in the z-axis direction applied to the base of the metastructure while
the output signal is evaluated in a small circular area on the top surface of one of the cubes from which the geometry is composed,
as shown in Fig. 5a. The transmissibility function, which is shown in Eq. (2), is ultimately calculated as the ratio of the output
acceleration to the prescribed input acceleration, which is set at 1 m/s2. To replicate the clamped conditions of the experiments, no
displacements along the x- and y-directions are allowed on the bottom surface of the metastructure.

Aout(f)

Ain()
The transmissibility curve is obtained for the Young’s Modulus declared by the manufacturer considering no material damping.
Moreover, in order to be able to compare numerical results with experimental measurements, the Young’s Modulus of PA 2200
is updated to 1350 MPa according to our previous work [84]. The comparison between transmissibility results with no damping
are represented as solid lines in Fig. 5b. The theoretical attenuation in the undamped case using the updated Young’s Modulus
reach a maximum of 360 dB. Lastly, material dissipation is introduced using a complex stiffness in the numerical model to better
reproduce the real behavior of the final metastructure. The complex Young’s Modulus can be written as a first order Newton model
which reads E = E(1 + itw), where i is the imaginary unit, ® is the circular frequency and = = 3 ps. Damping considering a linear
dependency on frequency is used to model the material behavior as a first approximation. In this case, the theoretical attenuation

(2)

() =
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Fig. 5. Numerical transmissibility computed in COMSOL Multiphysics© reported with theoretical bandgaps computed through the dispersion analysis in yellow
for comparison. A schematic view of the 1 x 1x3 multimaterial metastructure is reported for the sake of clarity.
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Fig. 6. (a) Load direction imposed on the top surface of the metastructure (b) Displacement field due to the superposition of gravity load and surface load of
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Fig. 7. Gravity load maximum numerical displacement along gravity direction for the multimaterial metastructure.
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reach a maximum of 326 dB. The finite nature of the designed metastructure and the boundary conditions imposed at its base
result in small variations in the transmissibility function if compared to the opening and closing frequencies of the bandgaps in
the dispersion diagram. Considering no material damping in the numerical simulation, passbands exhibiting an amplitude equal
to one or bigger are related to big modal masses. In these scenarios, vibration transmission or even amplification is present. On
the contrary, passbands exhibiting amplitude reduction of several order of magnitude are associated to low modal masses and
local modes of the structure, whom cannot be properly excited by the external forcing applied to the cubes at the metastructure
base. All observations are in line with results presented by D’Alessandro et al. [78]. To verify the structural characteristics of the
proposed 1 x 1 x 3 metastructure and then its applicability as hand-held vibration probe, we run a static linear analysis in COMSOL
Multiphysics©. In particular, we simulated the effect of the self-weight for vertical and horizontal configuration, which are the
best and worst in-operation condition for the proposed design. In the former case, the metastructure acts as an axial spring with
gravity acting along the z-axis. In the latter case, the metastructure acts as a cantilever beam with gravity acting along the y-axis.
The base surface of the metastructure is assumed fixed on all simulations. The metastructure compression due to self-weight in
vertical configuration is assessed. The resulting displacement field gave as result a maximum stroke of 0.15 mm along the axial
direction. This value is considered small enough to be neglected in future analysis and experimental campaigns. Hereafter, the case
of an off-centered compression load distributed on each single sub-area (identified as labeled areas 1, 2, 3, 4 in Fig. 6a) of the top
unitcell surface is considered. The load direction is depicted in Fig. 6a and the distributed load is globally equal to 10 N. The load
magnitude is chosen to emulate the real application of a hand-held vibration probe, already discussed in [82], in which the static
pre-load is typically along the axis of the decoupling element and in the range around 10 N. The worst condition that can occur
for the accelerometric probe is to be subjected to an eccentric force leading to off-axes stresses. This condition is emulated in the
simulation by applying an off-centered load. In the first case, the load is imposed on a single mass of the top surface (referred as 1
in Fig. 6a), resulting in a maximum displacement of 13.78 mm in the axial direction. In the second case, the same load is applied on
two different adjacent masses of the metastructure (referred as 1 and 2 in Fig. 6a), obtaining a maximum stroke of 8.59 mm along
the axial direction. Lastly, the load is applied on the whole top surface (referring to top surfaces 1, 2, 3 and 4 in Fig. 6a), resulting
in a stoke equal to 3.17 mm which is a reasonable value for practical applications. In this last condition, the displacement field
represented in Fig. 6b. The deflection due to the self-weight for the multimaterial metastructure, considered as a cantilever beam,
has a maximum bending equal to 4.24 mm, which is in line with the application requirements as hand-held probe. The displacement
field for the cantilever case is shown in Fig. 7. Maximum displacements are similar in both single [82] and multi material designs.
In fact, they are roughly characterized by the same stiffness and dynamic response.

4. Experimental analysis

A prototype of the metastructure is then manufactured by additive techniques and subsequently assembled manually. The plastic
skeleton and the steel masses are manufactured separately and glued together afterwards. The skeleton is realized by Selective Laser
Sintering (SLS) technology via an EOS P printer. Tetrahedral masses are made in steel by Bound Metal Deposition (BMD) using a
Desktop Metal Studio System.

Each manufacturing process shows different tolerances. The EOS P printer ensures a tolerance of +0.2 mm for a dimension up to
50 mm, +0.3 mm for a dimension up to 100 mm and 0.3% for dimensions greater than 100 mm. Moreover, component shrinkage
due to non-uniform cool-down, which depends on the prototype position on the printing bed, can also be present. On the other side,
the Desktop Metal Studio System exhibits tolerances of +0.8% for parts/features larger than 60 mm and of +0.5 mm for part/features
smaller than 60 mm. Therefore, the Computer Aided Design (CAD) model has to consider the adequate clearances to make junctions
between the plastic skeleton and the metal masses possible. Metal masses junctions are designed 0.1 mm smaller than the site on
which they will be mounted on the plastic skeleton sites to account for the process tolerances.

The assembling process for the multimaterial metastructure is shown in Fig. 8. One of the 96 tetrahedral steel masses is shown in
Fig. 8a. The first step is to glue the masses on each of the unit-cell plastic skeleton with cyanoacrylate, as shown in Fig. 8b, obtaining
the full multi-material unit cell depicted in Fig. 8c. Then, the 3 complete unit cells are attached together in a row producing the
final metastructure shown in Fig. 8d.

The mass of the metamaterial and its components is estimated using a weighting scale with an accuracy of 0.01 g. Measurements
are taken three times for each component for data consistency. The fully assembled multimaterial metastructure shows a mass equal
to 97.45 g. Four metal tetrahedral masses are evaluated independently obtaining an average mass equal to 0.70 g with a standard
deviation lower than the scale accuracy. Lastly, three plastic unit cell skeletons are evaluated independently obtaining an average
mass equal to 10.41 g with a standard deviation of 0.27 g. Experimental masses are compared to masses retrieved from the material
density used in the FEM simulation and the elements volume computed from CAD drawings in Table 3. Despite the geometry
modification performed to allow the assembly, the manufactured matastructure is 7% lighter than the numerical model due to
uncertainties related to geometry and material properties. Further modifications in the numerical model are then required to be
able to reproduce the real behavior of the metastructure.

The first comparison between numerical predictions and experiments is performed by looking at the static behavior of the
metastructure. Experiments are performed employing a laser profilometer Wenglor MLSL134 (working distance range 100-500 mm
with a Z depth resolution equal to 12.4-160 pm and a X plane resolution equal to 68-246 um) firmly mounted on a robotic harm.
The metastructure axial compression due to self-weight in vertical configuration is not an issue for the application here addressed.
Therefore, the measurement campaign is carried out to evaluate the metastructure deflection when considered as a cantilever. The
metastructure is then glued to a rigid base by beeswax, as shown in Fig. 9.
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Fig. 8. Picture of the (a) inner metal mass, (b) unit-cell plastic skeleton with four metal masses mounted, (c) the fully assembled unit-cell and (d) the final
metastructure.

Table 3
Experimental versus numerical mass value for the metastructure components.
Experimental Simulation Difference
Tetrahedral steel mass [g] 0.7 0.81 0.11
Plastic skeleton mass [g] 10.41 9.09 1.32
Full assembly mass [g] 97.45 104.57 7.12

robotic arm

‘ Industrial
] ¥

Clamped boundary

Blue laser line

Laser line
profilometer

Metastructure

(a) (b)

Fig. 9. Experimental setup for static tests. (a) Laser profilometer and (b) metastructure deformation when employed as a cantilever.

The profile is evaluated on different positions, as the profilometer is moved over the part via the robotic harm in the measurement
plan. This scanning operation makes it possible to obtain the metastructure surface scanned on 100 profiles. The data are then
cleaned from outliers obtaining the experimental data points from Fig. 11a. Afterwards, points are fitted with a 4-th degree
polynomial curve, which gives the best residue distribution as shown in Fig. 11b. Considering the residual in Fig. 11c having a
normal distribution, it is possible to evaluate the mean value and the standard deviations, which are respectively equal to 0 mm
and 0.07 mm. The curve equation reads f(x) = —1.321e—07x*+3.663¢ —05x> —0.003719x% 4+ 0.05501x —0.005754. The maximum stroke
value taken from the experimental campaign is equal to 7.36 mm removing any possible linear trend due to verticality, planarity,
and parallelism uncertainty between the reference surface and the profilometer laser blade. As expected, the significant deviation
obtained from the numerical analysis, which is equal to 3.12 mm, can be ascribed to the uncertainties of the manufacturing process.
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Fig. 10. Histogram of the slanting beam measurement distribution.

Therefore, the diameter of the slanting beams in the skeleton is measured by a centesimal caliper obtaining an average diameter
of 1.07 mm along with a standard deviation of 0.05 mm, considering 195 measurements. The histogram of the distribution is shown
in Fig. 10. The identified diameter is in line with the declared tolerance for the fabrication process, which is +0.2 mm for the specific
case. A simulation is carried out using the experimental Young’s Modulus, which is the same value used in the numerical section,
while varying the slanting beam diameter of the skeleton to cope with the dimensional uncertainty. Considering a slanting beam
diameter of 1.1 mm and 1.0 mm, the numerical maximum stroke values are equal to 5.76 mm and 7.79 mm, respectively as shown
in Fig. 11a. The deflection retrieved from experimental data fits in between the latter two, confirming the need to account for
manufacturing process uncertainties.

Once the static behavior of the proposed metastructure is tested numerically and experimentally, the dynamic response is also
investigated in terms of the transmissibility function, verifying the extension of the bandgap and the opening limit of the low
frequency. A schematic representation of the experimental setup is shown in 12a. The setup consists of several components. An
electro-dynamic shaker (Data Physics V20 - armature resonance around 12 kHz), giving the input signal, on which the manufactured
multimaterial metastructure is fixed by means of double-sided adhesive. Two miniaturized single-axis accelerometers (PCB model
352C23), having sensitivity respectively equal to 5.39 mV/g and 5.11 mV/g and characterized by a frequency range from 2 Hz to
10000 Hz (%5) [85], are attached on the shaker plate and on the top surface of the metastructure to sense the input and output
signals. An acquisition and generation system, the Siemens LMS SCADAS mobile, is exploited to generate the excitation signal
supplied to the electro-dynamic shaker and acquire both accelerometric signals. The excitation signal, a band-limited white noise in
the acquisition frequency range, is provided to the shaker power amplifier (Gearing & Watson Power Amplifier PA 30) which drives
the electro-dynamic shaker acting on the lower surface of the metastructure. The bandwidth chosen for the acquisition spans from 0
to 10 kHz, with a frequency resolution of 1.25 Hz. This frequency range allows to acquire data under the optimal sensing range for
the accelerometers and to stay away from the shaker resonance, which can cause non-linearity in the response. Each measurement
is averaged over 128 acquisitions. The Hanning window is chosen for the accelerometer signals to avoid leakage-related issues.

The experimental transmissibility function is then obtained as the ratio between the output and input accelerations in the
frequency domain. A transmissibility value of 1 is associated to no vibration attenuation (the input signal is equal to the
output). A value smaller than 1 is referred to an amplitude attenuation, while a value bigger than 1 is referred to an amplitude
amplification. Fig. 12b shows the comparison between the experimental results and the numerical predictions, considering the
first approximation damping. Moreover, a sensitivity analysis is carried out on the diameter dimension to cope with production
uncertainties highlighted previously. The experimental curve in Fig. 12b clearly shows an attenuation of more than two order of
magnitude in the experimentally investigated bandgap region spanning from 1257.2 Hz to 10 000 Hz, being the upper frequency limit
for the sensors. Moreover, a good agreement between experiments and numerical model is found over the measurement frequency
range. In particular, in the range between 4 kHz and 7 kHz, when local modes are predominant, numerical predictions are closely
aligned with experiments considering a slanting beam diameter equal to 1 mm. Lastly, attenuation levels obtained in the numerical
models are not achievable through experiments due to measurement noise.

5. Operating conditions assessment

Once the static and dynamic behavior of the proposed metastructure is tested, an innovative vibration probe is built and
experimentally verified. The scope of this experiment is to test the metastructure in operating conditions, i.e. including all the
vibration probe components, on a laboratory setup where the test surface vibration is under control thanks to the presence of a
feedback loop.

The innovative vibration probe is composed of the metastructure glued on a threaded rod by means of beeswax. This part
is then mounted on a small press for testing. A cross-shaped cross section connection element is manufactured through the Fuse
Deposition Molding additive manufacturing technique and then installed between the accelerometer and the metastructure by means
of beeswax, which can adapt easily to surface asperities. Adhesive tape can be used an alternative in the case of flatter and smoother
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Fig. 11. (a) Laser profilometry raw data fit with a 4-th order polynomial. (b) Residuals. (c) Residuals distribution.

surfaces. Note that both solutions can be also used without compromising the functioning of the component. Lastly, the accelerometer
is attached to the connection element through a little layer of beeswax. The design of the connection element installed between
the accelerometer and the metastructure is fundamental to avoid unwanted vibrations due to emerging resonances caused by the
accelerometer itself or the connection element. In the present realization the cross-shaped connection element, shown in Fig. 13,
has indeed a maximum dimension of 16 mm and a thickness of 1 mm, the arms of the cross are 4 mm width.

The vibration probe, once equipped with the accelerometer, is pressed against the surface under test to perform the measurement.
The setup is schematically shown in Fig. 14. It consists in the same instrumentation exploited for the transmissibility tests shown
in the previous section, the main difference is in the acquisition/generation system which not only allows the acquisition of
accelerometers data and the generation of the shaker excitation, but also controls the response of the apparatus, i.e. the probe
and the shaker, to avoid dangerous resonances, which could led to instrumentation damage. This feedback control is possible
monitoring the response of the two miniaturized accelerometers attached to the metastructure through the connection element
(response accelerometer in Fig. 14) and to the shaker plate (control accelerometer in Fig. 14), respectively.

The shaker plate is then excited with a sine sweep in the frequency range of interest, (e.g., for the specific case, spanning from
100 Hz to 10 kHz). To avoid damaging the shaker, a closed-loop on the control acceleration is also exploited. The acceleration is
kept constant at a value around 1.6 g. To perform the tests, the metastructure is pushed in different steps against the aluminum
plate threaded on the shaker, i.e the preload is varied in terms of displacement, by means of the threaded connection to the press,
maintaining contact between the response accelerometer and the surface under test. A laser triangulation system is finally used
to measure the metastructure top surface static displacement that provides the preload amplitude through the force-displacement
curve.

Experimental data analysis is carried out similarly to transmissibility evaluations presented in Section 4. In this case, making the
ratio between the response accelerometer and the control accelerometer signals in the frequency domain, it is possible to evaluate the

11
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Fig. 13. (a) Cross-shaped connection element and (b) final installation between the metastructure and the accelerometer by means of beeswax.

goodness of the metamaterial-based probe compared to the accelerometer traditionally installed. This ratio is defined as Interfering
Effect (IE) and takes into account the intrusiveness of the metastructure on the measurement performance.

To properly evaluate the IE of the system, the excitation feedback control should be taken into account. In fact, the vibration
performance of the probe strongly depends on it. The control tends indeed to modulate the excitation such that the system works
in a safe manner (avoiding resonances leading to failure). The IE coefficient would be equal to 1 also in presence of a controlled
undesired resonance peak. Thus, when assessing the performance of the probe, the control driver data needs to be checked to ensure
it does not spoil the results.

Before starting tests, the driver control response is measured in free conditions (i.e. without the metastructure pushing against
the shaker plate) and with only the control accelerometer attached. The driver transmissibility is reported in Fig. 15 in agreement
with results published in [86]. Therefore, the curve in Fig. 15 will be taken as a reference for the subsequent measurements: a
change in amplitude in the driver control curve is an indicator of an approaching resonance that needs to be limited.

12
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vibration probe is not installed.

The optimal preload range to be used for the final application is experimentally evaluated. This analysis is crucial in order to
guarantee repeatable measurements. If the vibration probe is supported by a robotic arm, the preload can be indeed controlled
through a force sensor and kept constant during measurement operations. If, however, the probe is held by hand, it is necessary
to determine how the performance of the probe changes with the preload variation due to the operator. Experimental results are
compared for different preloads imposed on the metastructure by turning the threaded rod installed in the press. The preload range
from the nearly undeformed state, i.e. 0 mm, to a stroke of 6.3 mm, chosen to guarantee linearity in the response and, thus, avoiding
buckling phenomena. The incremental step used for the test is not constant due to the low precision of the available threaded rod
system. Nevertheless, it allows for properly spanning the full preload range.

The Maximum Deviation (MD) index is defined as the mean and the standard deviation of the IE calculated on the frequency
band of interest, spanning from 0 Hz to 10 kHz. The mean and the standard deviation are computed respectively as in Eq. (3) and
(4), where N is the number of spectral lines.

N
Hp =~ 2 TEG@) ?
i=1
1 N
omp =\ 7 LUESD) = uup) (4)
i=1

The MD is chosen to identify the preload that guarantees the best vibrational performance of the metastructure probe. Despite this
index has no traditional statistical relevance, it can be employed to estimate the goodness of the measurement performed through
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Fig. 16. Experimental results in operating conditions.

the metastructure vibration probe. The mean value gives indeed an estimation of the deviation from the ideal value of 1, i.e the
condition in which the accelerometer pressed with the metastructure on the aluminum plate measures exactly like the one attached
with beeswax. The standard deviation gives information about how much the IE fluctuates around the mean value, i.e. how constant
the vibration probe performance is. A good solution should be characterized by a mean value approaching one and a low deviation
from it. The IE and the drive control curves are shown for each preload value in Fig. 16a and b. Low preloads are clearly associated
with a less straight behavior of the IE curve and are characterized by the presence of significant resonances. Increasing preload
values, both IE and drive control curves become more stable. The MD is calculated for each preload value in Fig. 16c. Hence, the
best preload option can be chosen, given by a displacement of 5.26 mm.

For the sake of completeness, the operating conditions assessment procedure has also been carried out for the single material
metamaterial case published in [82]. In this case, the optimal preload equals 6.15 mm.

A typical commercial solution for vibration measurements, i.e. DISCOM vibration probe, is finally considered in comparison with
the proposed solution. Its performances were tested in our facility, prior to this work, using a similar close-loop setup with control
on the acceleration. The Root Mean Square (RMS) value is used for data comparison and analysis.

Transmissibility curves in operating conditions for both the DISCOM solution and the metastructure discussed in this paper are
then compared on the same chart shown in Fig. 17.

In the very low frequency range, the DISCOM vibration probe works better compared to the metastructure one. This is expected
since the metastructure is designed to be used in its frequency bandgap, thus above approximately 1500 Hz for the single material
version and approximately 1300 Hz for the multi material one. The single material metastructure IE response is nearly constant
until 7 kHz. The multi material metastructure version is characterized by an even better response, nearly flat in all the frequency
range of interest. Thus, even if in a preliminary design geometry, the single material metastructure already published in [82] and the
multi material metastructure proposed in this work seem to be a good solution to be used as a decoupling element for a hand-held
vibration probe.
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Fig. 17. Experimental Interfering Effect measured on the commercial solution and on the two metastructure probes proposed by the authors.

6. Conclusion

In this paper, a multi-material approach is used to improve the performance and the compactness of a metamaterial architecture
already exhibiting interesting properties in terms of wideness of the bandgap and low frequency cut-off. The proposed unit cell is
engineered by joining two different materials, i.e. plastic and steel. This choice makes it possible to obtain a compact design of a
low-pass filter and a great design flexibility in terms of bandgap frequency range. In particular, by comparing the present results with
the ones achieved in [82] through a single-material counterpart, we reduced the unit cell size from 4 cm to 3 cm and we lowered
the opening frequency from 1478.1 Hz to 1257.2 Hz. A metastructure prototype has been realized by manufacturing the unit cell
components by means of the SLS and the BDM processes for the plastic skeleton and the metal tetrahedral masses, respectively. The
final 1 x 1 x 3 prototype is obtained by manual assembly. The attenuation performances of more than two orders of magnitude
has been numerically and experimentally demonstrated. The metastructure, given its dynamic and structural characteristics, can be
integrated in a hand-held vibration probe [87], as experimentally demonstrated in this work.
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