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Abstract: Even though the design of vibration isolators is well-established for many engineering
applications, their efficiency in wide and multiple frequency ranges is still a challenge. In these
cases, the use of Phononic-Based Vibration Isolators (PBVIs) may be advantageous as they present
different Attenuation Regions (ARs) in which the elastic waves are strongly attenuated. Therefore,
the present paper is devoted to the experimental evaluation, in terms of force transmissibility, of
different types of supporting devices tested on a load mass and a motor of a Hermetic Compressor
(HC). Those devices are the original Helical Coil Spring (HS) that equips the HC, the PBVI, and the
Combined Structure (CS) which is composed of a PBVI combined in series with the HS. Results
evidentiate the capability of the CSs to isolate vibrations, where the PBVI contributes with its ARs,
thus operating as a “filter” in specific frequency ranges, while the HSs maintain the flexibility of the
CSs, which is advantageous for impact-loads and/or transient-case scenarios. Hence, the capability,
relevance and impact that these PBVIs present for force transmissibility reduction applications is
highlighted here, which should capture the attention of and motivate the industry, e.g., producers
of isolation systems, since it has wide-ranging engineering applications.

Keywords: vibration isolation; phononics; force transmissibility; experimental modal analysis;
attenuation region; bandgap; cork

1. Introduction

Vibration isolation is still a recurrent problem in engineering; many mechanisms
dedicated to passive vibration reduction (some of which can be tuned and/or optimized)
are commercially available or under research [1-3].

The diversity of sizes in vibrating systems, as well as their operational conditions,
dictate a variety of methods, devices, and materials to suppress vibrations in a passive
way [4]. The materials commonly employed are as follows: (i) rubber-type materials that
provide combined benefits in damping, flexibility, and durability characteristics, as well
as resistance to environmental factors—thus, commonly used for machinery mounts, au-
tomotive parts, and electronics applications; (ii) polymeric foams (e.g., polyurethane and
melamine foams) that, besides being lightweight, provide good energy absorption and
customizable density —thus, usually found in soundproofing panels, cushions, and auto-
motive components; (iii) viscoelastic materials, e.g., sorbothane®, usually found in elec-
tronics applications, footwear, and medical devices due to their excellent energy absorp-
tion and high damping coefficient; (iv) fiber composites, e.g., fiberglass and carbon fiber,
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which are mainly used in aerospace and automotive applications, as they present high
strength-to-weight ratio and customizable damping properties; (v) metals and metal al-
loys, e.g., lead and copper, that are used in specific vibration damping applications such
as industrial equipment and civil construction, as they have benefits like high density and
excellent low-frequency damping; and (vi) cork and Cork Composite Materials (CCMs)
used in applications like flooring and industrial gaskets, as they are lightweight and pre-
sent good damping and heat resistance characteristics.

The vibration isolation devices considered in this work are (i) steel Helical Coil
Springs (HSs), (ii) two-material multilayered bars here entitled as Phononic-Based Vibra-
tion Isolators (PBVIs), composed of alternate layers of steel and a CCM, and (iii) Combined
Structures (CSs) of one HS in series with one PBVI. Compared with materials commonly
employed in other devices, the CS combines a CCM with steel laminates and a HS applied
at one of its extremities. Note that mechanical vibration isolators are typically preferred
for heavy-duty applications. Foams and viscoelastic polymers are considered more suita-
ble for light-duty applications. One may say that the PBVIs and CS appear naturally ap-
propriate for intermediate-duty applications.

One of the most used devices is the HS (Figure 1a). Although inexpensive and critical
to reliability in many situations (especially under shock and/or transient conditions), the
HSs do not always provide satisfactory performance in the service frequency range [5].
The HSs present a regularly spaced distribution of the natural frequencies in the frequency
response spectrum (Figure 1b), leading to unwanted vibration and possible acoustic dis-
comfort, namely for frequencies near the resonances.
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Figure 1. Helical Coil Spring (HS): (a) Spring with force transducers; and (b) Frequency response of
the force transmissibility: 20 log; o (Fyy: () /Fin(w)) where w is the excitation frequency.

A possible solution may be found in phononic structures [6-8]. Even though the first
works date back to Newton [9] and Rayleigh [10], among the pioneering efforts is also the
work of Brillouin [11] and Mead and his co-workers [12], which includes many of the origi-
nal contributions to the analysis and characterization of the wave propagation in periodic
structures. These are based on wave scattering and interference inside heterogeneous peri-
odic materials and make use of the fundamental properties of waves to create bandgaps,
i.e,, ranges of frequency within which waves cannot propagate (stop-bands).

The bandgaps can be tailored for structural vibration control by designing the prop-
erties, size, and distribution of the periodic materials. The first experimental evidence of
the existence of phononic bandgaps in periodic structures dates to 1995 when Meseguer
et al. [13] analyzed the acoustic characteristics of a minimalist sculpture by Eusebio Sem-
pere. The sculpture consists of a periodic array of hollow stainless-steel cylinders, each 30
mm in diameter, arranged on a square 100 mm lattice (spacing), forming a structure 4 m
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in diameter. Measurements of the acoustic transmission as a function of frequency and
direction were conducted on the sculpture revealing that sound traveling perpendicular
to the axes of the cylinders was strongly attenuated after a frequency of 1670 Hz. To gather
additional data, the researchers decided to build their minimalist sculpture by hanging
cylinders of stainless steel from a frame mounted in an acoustic chamber [14]. Results re-
vealed that the structure strongly suppressed sound waves in the audible range, at fre-
quencies between 1400 and 1700 Hz. Further experimental evidence of bandgaps may be
found in the works of Richards and Pines [15], who built a periodic shaft with bandgaps
from 600 Hz to 1200 Hz and 1250 Hz to 2000 Hz to inhibit the transmission of waves from
the shaft into the bearings and supports. In [16,17], authors use multi-laminated periodic
beams to obtain wide Attenuation Regions between 968 Hz and 4368 Hz [17].

To study structures built with infinite periodicity repetition, Bloch’s theorem [18],
also related to Lyapunov-Floquet’s theorem [19], can be used to obtain a characterization
of longitudinal waves leading to the corresponding dispersion relation. For structures
with finite periodic repetition, a description of the basics can be found in [20-24]. Moti-
vated by these works, the authors have designed and developed finite periodic structures
composed of alternating layers of two or more materials (where each two successive layers
can be regarded as a unit cell) with a significant contrast in the wave phase velocity that
are here entitled as PBVIs [25]. It has been shown that with a repetition of only two or
three cells (depending on the materials), relatively strong Attenuation Regions (ARs) are
obtained instead of bandgaps [22,23], at the same frequency ranges. To determine the lo-
cation and width of the bandgaps, a computational component has been explored by the
authors in [17] to develop the analytical and numerical models used in simulation, as well
as an algorithm for the selection of the pair of materials and their optimal proportion
within the unit cell. In that study, the pairs of selected materials are steel and CCM (either
cork rubbers or cork agglomerates [25]). The possibility to numerically predict the location
and width of the ARs in frequency has been shown and validated with the subsequent
application to finite repetitive structures [26-28]. From these studies arose the idea that a
CS composed of an HS in series with a PBVI would be advantageous in the sense that it
combines the shock/transient load absorption capability of the HS with the “filtering” ca-
pability within the ARs of the PBVIs.

In this sense, this work addresses a practical application regarding the suspension of
the motors used in Hermetic Compressors (HCs) in which HSs are originally used as sup-
ports. These HSs may present undesirable vibration transmissibility to the carcass of the
HC at certain frequencies and, consequently, undesirable noise to the environment. The
aim is to test the application of a PBVI, as presented here. Additionally, the possibility of
combining these isolators with the spring to maintain the flexibility of the support in
which the PBVI acts as a filter is also presented.

This work, being a natural continuation of previous works [17,26], is divided into two
experimental sets: (i) a load mass (equivalent to the mass of the motor of the HC) excited by
a shaker and supported by three sets of three HSs, PBVIs, and CSs arranged in a triangular
form; and (ii) the motor of an HC that is self-excited, i.e., working, supported at four points
by its original HSs and by the CSs. At each support point, force transducers are mounted
between the support of the motor and the supporting device and between the supporting
device and the ground, to measure the input and output force signals, respectively.

The results, evaluated in terms of force transmissibility (i.e., the ratio between the
magnitude of the output and input force signals at each frequency in a given frequency
range), demonstrate in these cases the increased capability of these CSs in reducing the
transmitted force. This is expected to attract the attention of researchers and especially the
industry, to facilitate the development of vibration isolators and, more specifically, PBVIs,
which possess numerous engineering applications.
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2. Materials and Methods
2.1. The Force Transmissibility Concept

The performance of vibration isolators is usually assessed in terms of force transmis-
sibility Tr by applying an excitation force (F;,), with an excitation frequency w, to a
mass that is coupled to the supporting devices, see Figure 2.

Figure 2. Mass supported by vibration isolators. Key: 1 —Mass; 2—HS; and 3—Damper.

Then, by measuring the dynamic forces effectively transmitted to the foundation
(Fout), one uses the concept of force transmissibility [29,30] that, in the frequency domain,
may be defined as

_ Fout(w)

(@) =% @
i.e., the ratio between the force transmitted to the foundation and the applied one, at each
frequency w (w = 2nf,in which f is the frequency in Hz) of a given defined frequency
range. The Tr(w) is a critical parameter for evaluating the effectiveness of vibration iso-
lation systems; it is clear that for Tr(w) greater than one, the force transmitted to the
foundation is amplified, and for Tr(w) less than one, the force transmitted to the foun-
dation is reduced, isolated, or attenuated. Note that lower force transmissibility indicates
better isolation, i.e., less vibrational energy transmitted through the isolator to the foun-
dation.

In the isolation frequency regions, Tr(w) is usually “very small”, e.g., 1Xx10%,
whereas in the amplification regions, Tr(w) is relatively larger by several orders of mag-
nitude. Therefore, one often uses a logarithmic scale to express these values, i.e., to sim-
plify the representation of small/large ratios in which positive values indicate that the
force is amplified, and negative values indicate that the force is reduced.

2.2. From Phononic Structures to Phononics-Based Vibration Isolators (PBVIs)

Phononic crystals may be conceptualized as (micro) structures composed of numer-
ous cells (composed of two materials) arranged accurately (or with some intended disor-
der) and repeatable in space, leading to some ideal order and symmetry as illustrated in
Figure 3.
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(a) (b) (©)

Figure 3. Examples of phononic crystals with one-, two-, and three-dimension periodicities: (a) 1D
crystal consisting of alternating layers of two materials with different mechanical properties; (b) 2D
crystal consisting of parallel cylinders of a material inserted in another material with different me-
chanical properties; (c) 3D crystal consisting of spheres of one material embedded in another mate-
rial with different mechanical properties (based on [31]).

Due to the periodical change in mass density and/or elastic constants (i.e., on the wave
phase velocity through the cells in the crystal) and making use of the fundamental proper-
ties of waves (namely, scattering and interference), it is possible to create in a periodic struc-
ture/media forbidden bands (also referred to as bandgaps and stopbands), i.e., ranges of
frequencies within which the phonons (mechanical waves) do not propagate.

The propagation of 1D longitudinal mechanical waves is typically described by a dis-
persion relation that relates the frequency w and the wavenumber k as

w
k=, )
where c is the wave phase velocity in the medium. However, the dispersion relations for
materials that are not homogeneous, such as phononic crystals, are not that simple.

Consider a piecewise heterogeneous bar, i.e., material properties are dependent on
the position along the axial direction as illustrated by Figure 4. The bar has a uniform
transversal sectional area A and parallel alternating layers of two materials, with longi-
tudinal dynamic moduli of elasticity Eyq., and Ejyq,, mass densities pyqe, and puyqc,,
and lengths Lyqe, and Lyqe,-

A Epvtat, Py A E\tat, Pita, 4 Eptat, Pyt AEy, Potar, A Epvtat, Py
m m—x
| LMatl | LMatz LMutl |

LM"'I | | LMar/z |
| I I |

|
[ I I
() materiat 1 (@=1) (7)) Material 2 (a=2)

Figure 4. Uniform periodic bar composed of two different materials.

From the Bloch wave theory [18,19], it is known that due to the periodicity of the
infinite structure, the natural modes of such a structure may be characterized by using the
wave number k and assuming that the displacement in the cell is expressed by

Uy (x) = ug(x —nl) e!*™) n =12 i=+/-1 (3)
where n is the total number of cells, L = Lyq¢, + Lyqs, is the length of the cell, and u, is

the periodic solution, i.e., k = 0.
The dispersion relations for 1D two-material layer may be expressed as [32]
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where Kyq., and kyqe, are the wave numbers of the respective materials expressed as

kyat, = WCiae, Where cyge, = (E,T,,atap,\‘,,}lta)l/z is the wave phase velocity, and a = 1,2
is the material number.

From Equation (4), it is possible to determine for the infinite-length layered bar (Figure
5a left) the wave number k versus frequency w (Figure 5a right). For frequency values w
that make the wave number k complex, the amplitude of the displacements is exponen-
tially attenuated. Thus, the frequency ranges where k is complex are bandgaps (stop-
bands), while the frequency ranges where k is real are passbands, see Figure 5a right.
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Figure 5. Frequency responses of (a) phononic crystal (infinite number of cells) that presents
pass/stopbands (bandgaps); and (b) Phononic-Based Vibration Isolator (PBVI) (finite number of
cells) that presents ARs (the red dashed line represents the amplitude of the force transmissibility
response at each frequency ).

For an intuitive understanding of how bandgaps exist, consider a 1D periodic bar, as
illustrated by Figure 4 or Figure 5, composed of infinite alternating layers of two different
materials with longitudinal dynamic moduli of elasticity Ejq., and Ejyqe,, mass densities
Pmar, and Pyqe,, and lengths Lyg., and Ly, . At every interface, an incoming wave
transfers part of its energy into secondary, reflected waves, which then interfere with each
other. If this interference is destructive, all the energy of the original wave is reflected, and
the wave cannot propagate through the crystal resulting in the creation of a bandgap
(stopband). On the other hand, if the interference is constructive, then all the energy of the
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original wave is transmitted through the crystal leading to the formation of propagation
bands (passbands).

So being, the 1D forced harmonic longitudinal vibrations (where the wavelength 4
of the stationary waves in the dynamically and longitudinally loaded bar is much longer
than the characteristic transverse dimension of the bar) may be expressed for each mate-
rial layer Mat,, where a is the layer’s type number, as

azuMata(x‘f) 2 azuMata(x‘f)
T_CMataT_O a—1,2.

©)
where uyq., (%, t) is the corresponding displacement response at the longitudinal coordi-
nate x and time t.

As previously mentioned, for a finite periodic structure (Figure 5b left) with only two
or three cells (depending on the materials), relatively strong Attenuation Regions (ARs)
(Figure 5b right) are obtained instead of bandgaps [22,23], at the same frequency ranges
(Figure 5a right).

The contrast in the wave phase velocities, associated with the adequate length of the
unit cell (thickness of the layers), allows for the design of the PBVIs to present wider gaps
between adjacent natural frequencies, i.e., ARs (see black dashed line in Figure 6), relative
to the HSs (see blue dotted line in Figure 6), as well as their positioning in the frequency
range. Thus, it allows for vibration isolation in a relatively low and wide frequency range,
which is of interest for several mechanical applications.

Force Transmissibility (201ogyo T (w))

0 500 1000 1500 2000 2500 3000
Frequency (Hz)

Figure 6. Frequency response of the force transmissibility for the HS, PBV], and Combined Structure (CS).

From what has been presented here and shown in Figure 6, it is quite evident that a
CS composed of a HS in series with a PBVI (red solid line) may be advantageous in the
sense that it combines the shock/transient load absorption capability of the HS with the
“filtering” capability within the ARs of the PBVIs.

2.3. Workflow of the Experimental Tests

Experimental modal analyses are conducted to test different types of supporting de-
vices and setup configurations as well as assess their vibration isolation performance in
terms of force transmissibility. The workflow is shown in Figure 7.
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Experimental =

modal analysis

Load mass
supported by HSs, =
PBVIs and CSs

Motor of HC
supported by =
HSs and CSs

Figure 7. Workflow of the experimental modal analyses to assess the force transmissibility of differ-
ent supporting devices using a load mass and Hermetic Compressor (HC) motor.

Experimental modal analyses are primarily conducted on the load mass, equivalent to
the HC mass of the motor, which is excited by a shaker and supported by three sets of HSs,
PBVIs, and CSs; these are arranged in a triangular form. Next, the motor of a HC which is self-
excited, i.e.,, working, is supported at four points by its original HSs and by the CSs.

In what follows, a brief description of these supporting devices is presented.

2.4. Supporting Devices
The three supporting devices here considered are the following:

1. HSs (Figure 8a), with a rest length of 20.4 mm, a diameter of the steel wire of 1.5 mm,
an inner diameter of 12 mm, 4 active coils, and 2 close plain coils at each end (the
white terminations are plastic connection devices).

2. PBVI (Figure 8b), of square cross-section with 20 mm length and composed of steel
and cork composite (ref.VC5200 [25,33]) material layers with thicknesses of 20.5 mm
and 10.1 mm, respectively. The total length and mass are 81.7 mm and 67.3x10-% kg,
respectively.

3. CSs (Figure 8c), a combination (in series) of the HS with the PBVI. The total length is
102.1 mm.

4. The material properties of the steel and CCM V(5200 are presented in Table A1l of
Appendix A.

20.4 mm
81.7 mm
102.1 mm

-

(a) (b)
Figure 8. Supporting devices: (a) HS; (b) PBVI; and (c) CS.



Machines 2024, 12, 431

9 of 18

PC running
Analysis software

Power Amplifier

X )
“ LN )

Gl [}

The HSs considered here are those that originally equipped the HC. Regarding the
PBVI, a description of the selection of the pair of materials and their respective propor-
tions, which is essential for the location and width of the ARs in the frequency range, is
presented in [17] and further developed in [26]; hence, it will not be replicated here. Note
that this PBVI is chosen among the others due to the location and width of its ARs in the
frequency range and also due to its stability to sustain the load mass and the mass of the
motor of the HC.

The CS consists of an HS together with a PBVI, in which a two-component epoxy
adhesive with a cure time of approximately five minutes is used to join the HS and the
PBVI. Note that no special care is needed to ensure the thickness of the adhesive; just a
minimum amount of adhesive is used to fill the surfaces to be joined uniformly.

2.5. Experimental Methodology and Setups
2.5.1. Load Mass

The load mass is a portion of a cylindrical aluminum rod with a diameter of 150 mm,
a length of 65 mm, and a mass of approximately 3.2 kg. This value is similar to the mass
of the motor of the HC, which is later addressed when considering the supporting devices
in an industrial application.

The basic layout of the experimental setup (Figure 9) used to obtain the force trans-
missibility curves of the supporting devices may vary between three sets of HSs, PBVIs,
and CSs, arranged in a triangular form (see Figures 10a, 10b, and 10c, respectively). It may
be described in the following way: a signal is generated and transmitted to the vibration
exciter (Briiel&Kjeer 4808 —Naerum, Denmark), which is suspended from a fixed support
by metallic chains. The force effectively applied to the load mass (input signal) is meas-
ured through a force transducer (PCB 208C01 —Depew, NY, USA). The dynamical defor-
mation propagates throughout the supporting device and, at the opposite extremity, to a
force transducer(s) (PCB 208C01) that measures the force effectively transmitted to the
foundation (output signal). The input and output signals are acquired using a data acqui-
sition unit (Briiel&Kjeer 3560D) and analyzed with the Bruel&Kjeer software PULSE® Lab-
Shop Version 6.1.5.65.

Figure 9. Layout of the experimental setup to obtain the force transmissibility curves using the load
mass supported by devices HSs, PBVIs, or CSs. Key: 1—Vibration exciter; 2—Force transducers; 3—
Load mass; 4—HS; 5—PBVI; and 6—CS.
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Figure 10. Photographs of the experimental setup to obtain the force transmissibility curves using
the load mass supported by: (a) HSs; (b) PBVIs; and (c) CSs.

2.5.2. Motor of the Hermetic Compressor

An industrial mechanical application is presented here, where the load mass is re-
placed by a working motor of a HC. The motor has a mass of approximately 3.2 kg, a
power of 185 W, and a constant rotational speed of 4800 rpm. The basic layout of the ex-
perimental setup used to obtain the transmissibility curves is illustrated in Figure 11. First,
the motor is tested when supported by the HSs (Figure 12a), and then, the motor is tested
when supported by the CSs (Figure 12b).

The source of vibration is the motor itself which, at the time of the experiment, was
working (as it is directly connected to the electricity net), so no vibration exciter is used.
This specific motor has four support points and, therefore, requires four supporting de-
vices and, consequently, eight force transducers to measure the input and output forces
at all four supports. The vibration generated by the motor (input signal) is measured
through force transducers (PCB 208C01). The dynamical deformation propagates
throughout the supporting devices, and at the opposite extremity, force transducers meas-
ure the force effectively transmitted to the foundation (output signal).

The input and output signals are acquired using a data acquisition unit (Briiel&Kjeer
3560D) and analyzed with the analysis software (Bruel&Kjeer PULSE® LabShop Version
6.1.5.65).

Data Acquisition Unit

For each

A ;

Supporting
devices

Figure 11. Basic layout of the experimental setup to obtain the force transmissibility curves using
the motor supported by the HSs or CSs. Key: 1—Motor connected to the electric grid; 2—Force
transducer Fir; 3—Force transducer Four; 4—HS; and 5—CS.
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(@ )

Figure 12. Photographs of the experimental setup to obtain the force transmissibility curves using
the motor of a HC supported by: (a) HSs; and (b) CSs. Key: Position of each supporting device: 1—
Position 1; 2—Position 2; 3—Position 3; 4—Position 4.

During the experiments, the piston and cylinder of the HC motor are manually lubri-
cated to avoid overheating and consequent damage to the motor. Furthermore, due to the
manual and non-normal lubrification, as a precaution, the HC motor runs for approxi-
mately 1 minute and then rests at least 5 minutes before the next experiment.

3. Results and Discussion
3.1. Results with the Load Mass Supported by HSs, PBVIs, and CSs

In the following, the main experimental results are presented. They were obtained
using the setup described in Section 2.5.1 —and illustrated in Figures 9 and 10—to study
the performance of these devices in terms of force transmissibility (see Section 2.1).

To compare the relative performance of each type of supporting device, the force
transmissibility curves of each device (in this case position 2 was chosen, see Figures 9 and
10) are illustrated in Figure 13. The results for the other positions are presented in Appen-
dix B as they lead to similar results.

50 T T T T
Attenuation region of interest

-100

-150

-200

Force Transmissibility (20 log1o T (w))

-250

_300 I I I L 1 I
0 200 400 600 800 1000 1200 1400 1600

Frequency (Hz)

Figure 13. Experimental force transmissibility curves obtained with the devices HS, PBVIs, and CSs
supporting the load mass.
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From Figure 13, one can verify that the CS (red solid line) is capable of effectively
reducing the force transmissibility of the HSs’ responses (blue dotted line) after ~650 Hz
and with emphasis at their natural frequencies within the PBVIs AR (shaded area), i.e.,
after approximately 800 Hz.

3.2. Results with the Motor of a HC Supported by HSs and CSs

Instead of a load mass, which experimentally shall be accessible to reproduce, con-
sider now that a working motor of an HC is used (Figure 12), which is supported by the
following: (i) the original HSs that equip the HC and (ii) the CSs. To study the dynamic
behavior, in terms of force transmissibility (see Section 2.1), the experimental setup de-
scribed in Section 2.5.2 and illustrated in Figure 11 is used here.

Figure 14 shows the force transmissibility curves obtained for the two supporting
device cases previously referred to (in this case, position 4 was chosen, see Figures 11 and
12). The results for the other positions are presented in Appendix C as they lead to similar
results.

100

.}
o
T

o

=100

=150

Force Transmissibility (20 log;, Tr (w))
&

_2000 200 400 600 800 1000 1200 1400 1600

Frequency (Hz)

Figure 14. Experimental force transmissibility curves obtained with HS, and CSs supporting the
motor of the HC.

From Figure 14, it is clear that when the device CS (red solid line) is used (instead of
the original HS (blue dashed line)) to support the working motor of HC, the force trans-
missibility is, in general, lower (similarly to the load mass case, see Figure 13). This is
observed between 40 and 540 Hz, restarts at =600 Hz, and is established in the PBVIs AR
of interest, i.e., after approximately 800 Hz (see Figure 13).

To compare the performance of different supporting devices, e.g., the CS and the HS,
the force transmissibility ratio between those devices, e.g., Tr(w)¢s and Tr(w)ys, which
are always positive entities, expressed as follows may be used,

_ Tr(w)cs
ATr(w) = Tr@ns (6)

From the reasons previously mentioned in Section 2.1, a logarithm scale is used to
express ATr(w). In a logarithm scale, positive values of ATr(w) indicate that Tr(w)cs >
Tr(w)ys, while negative values of ATr(w) indicate that Tr(w)cs < Tr(w)ys, and zero
values of ATr(w) indicate that Tr(w)cs = Tr(w)ys.
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The force transmissibility ratio between these devices, see Equation (6), is illustrated in
Figure 15, which also presents the mean values in specific frequency ranges. These fre-
quency ranges are established when a change in the sign of the logarithm force transmissi-
bility ratio occurs, i.e.,, when ATr(w) is less or greater than one. For each frequency range
the mean value of the logarithm force transmissibility ratio is determined, see Table 1.

50

— 20logo ATr(w)

mean

-100

Force Transmissibility Ratio

=150 -

200 I I I I I I I
0 200 400 600 800 1000 1200 1400 1600

Frequency (Hz)

Figure 15. Force transmissibility ratio and its mean value for the case of the motor of the HC sup-
ported by the CS and the HS.

Table 1. Mean values of the force transmissibility ratio between the cases of the motor of the HC
supported by the CS and the HS in specific frequency ranges.

Frequency Intervals (Hz) Mean
(0-16) =58
(17-35) +21.5
(36-541) —44.3
(542-549) +17.4
(550-573) -19.9
(574-575) +19.0
(576-588) =30.0
(589-591) +2.5
(592-601) -9.9
(602-603) +3.1
(604-...) —67.0

As previously illustrated in Figures 14 and 15, and now presented in Table 1, there
are two relevant frequency ranges where the CSs present lower force transmissibility. The
first is located between 36 and 541 Hz, presenting a mean transmissibility ratio of —44.3,
and the second, after 604 Hz, contemplates the PBVIs AR of interest, with a mean trans-
missibility ratio of —67.0 and a minimum of —185.0 at 1532 Hz.
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4. Discussion and Conclusions

The results from the load mass case (Figure 13) show that the force transmissibility
of the PBVI (black dashed curve) is in general higher than that of the HS (blue dotted line).
Even though this is in contrast with what is illustrated in Figure 6, it is expected for this
PBVI—due to the materials and number of unit cells (see Section 2.4)—and this is the rea-
son why it is not used to support the motor of the HC. Nevertheless, Figure 12 shows that
with the CS (red solid line), it is possible to improve the isolation of a source of vibration,
in terms of force. It is achieved with a PBVI device that has an AR in a specific frequency
range, acting as a “filter” and still maintaining the flexibility of the support (which is rel-
evant for shock absorption) due to the combined HS. This is also evident from the results
of the motor of the HC (Figure 14), that when the CS (red solid line) is used instead of the
HS (blue dotted line), the force transmissibility is in general lower. Hence, it is experimen-
tally shown that it is possible to isolate vibration, in terms of force, with a CS that has an
AR in a specific frequency range functioning as a “filter” and still keeping the flexibility
due to the HS.

Further criteria such as fatigue, durability, the effect of temperature and humidity,
etc., that were not considered, as well as strategies to protect these devices from fluids,
e.g., oil, and the redesign of the connections to the motor, are topics that should be ad-
dressed in future works.

From this point of view, the concept, design, and application of PBVIs are seen to
have a significant impact in the development of better vibration isolation devices, as the
CSs present an improved alternative and/or solution for real isolation for several mechan-
ical applications.

Author Contributions: Conceptualization, H.P., M.MM.N. and N.M.M.M.; methodology, H.P.,
M.M.N. and NM.M.M,; software, H.P.; validation, H.P., M.M.N. and N.M.M.M.; formal analysis,
H.P.; investigation, H.P.; resources, H.P.,, M.M.N. and N.M.M.M,; data curation, H.P.; writing —orig-
inal draft preparation, H.P. and R.A.B.A.; writing—review and editing, H.P., R.A.B.A.,, M.M.N. and
N.M.M.M,; visualization, H.P. and R.A.B.A.; supervision, M.M.N. and N.M.M.M.; funding acquisi-
tion, H.P., R A.B.A.,, M.M.N. and N.M.M.M. All authors have read and agreed to the published ver-
sion of the manuscript.

Funding: The authors acknowledge Fundacao para a Ciéncia e a Tecnologia (FCT) for its financial
support via the projects LAETA Base Funding (DOI: 10.54499/UIDB/50022/2020) and LAETA Pro-
gramatic Funding (DOI: 10.54499/UIDP/50022/2020). The authors further acknowledge FCT for its
financial support via the projects UNIDEMI UIDB/00667/2020 and UIDP/00667/2020.

Data Availability Statement: Data are contained within the article. Data files will be made available
on request from the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

In Table A1 of this appendix the material properties of the steel and CCM (ref VC5200
[33]) used in the PBVIs are presented .

Table A1. Material properties: E—longitudinal modulus of elasticity; E* —longitudinal dynamic
moduli of elasticity; and p—mass density.

Material E [GPa] E* [MPa] p [kg m-]
Steel 205 - 7860
VC5200 * B 24.5+5.2i (128 Hz) [25] 700 [33]

26.2 + 6.4i (912 Hz) [25]

* VC 5200 is a CCM manufactured and commercialized by Amorim Cork Composites.
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Appendix B

This appendix presents the force transmissibility curves obtained with the load mass
supported by HSs, PBVIs, and CSs using the setup described in Section 2.5.1 for all three

supporting positions, see Figures 9 and 10.
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Figure A1l. Experimental force transmissibility curves obtained for all three supporting positions

using HSs to support the load mass.

20

-60

-100

-120

Force Transmissibility (20 logio Tr (w))

-140

-160 Il L 1 1

PBVI1
PBVI2
PBVI3

0 200 400 600 800
Frequency (Hz)

1000

1200

1400

1600

Figure A2. Experimental force transmissibility curves obtained for all three supporting positions

using PBVIs to support the load mass.
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Figure A3. Experimental force transmissibility curves obtained for all three supporting positions

using CSs to support the load mass.

Appendix C

This appendix presents the force transmissibility curves obtained with the motor of
the HC supported by HSs and CSs using the setup described in Section 2.5.2 for all four

supporting positions, see Figures 11 and 12.
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Figure A4. Experimental force transmissibility curves obtained for all four supporting positions us-

ing HSs to support the motor of the HC.
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Figure A5. Experimental force transmissibility curves obtained for all four supporting positions us-
ing CSs to support the motor of the HC.
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