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ABSTRACT

The scope of this dissertation is to provide theoretical and experimental insight towards the mitigation
of low-frequency vibrations and noise, by exploiting novel absorbing and metamaterial concepts.
Specifically, this research work introduces innovative negative stiffness absorbers as an upgrade to
conventional sound absorbing panels and metamaterials. In addition, the potency of amplification
mechanisms is harnessed to enhance the vibration control, and sound attenuation properties of

locally resonant and phononic metamaterials.

Initially, the KDamper oscillator is implemented in various applications to address many of the
inadequacies of conventional passive noise control mechanisms, especially in the low-frequency
regime. The concept comprises an optimal combination of appropriate stiffness, damping, and mass
elements, including a negative stiffness element. In this work, the KDamper is coupled with a
developed inertial amplification mechanism (IAM) and a series of novel mounts are presented based
on the synergetic KDamper — IAM concept. This coupled absorber is applied in a novel mounting
system for flexible acoustic panels, resulting in a wide and deep frequency band of improved vibration
and noise attenuation. The system is subsequently adopted to enhance the unit-cell properties of
metamaterial mechanisms. Specifically, the proposed designs aim towards the development of
metamaterial-based noise insulation panels that target the low-frequency range. Herein, conceptual
implementations are proposed, and the presented mechanisms are evaluated using both analytical

and numerical analyses.

Next, a novel dynamic directional amplifier, namely the DDA mechanism, is introduced as a means to
artificially increase the resonating mass of an oscillator, with no requirement of complex geometries
and heavy parasitic masses. The mechanism comprises a simple rigid link that increases inertia

towards the desired direction of motion by coupling the kinematic DoFs of the resonating mass and
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forcing the oscillator to move through a prescribed circumferential path. An analytical and
experimental framework is developed, and analysis is undertaken to identify the beneficial effects of
the DDA to the dynamic response of the system. The DDA is subsequently applied to phononic and
locally resonant metamaterials as a means to enhance their dynamic properties. Analytical, numerical
and experimental results showcase significant improvements and advantages over the conventional
phononic and acoustic structures, such as broader bandgaps and increased damping ratio. Finally, a
conceptual design of a seismic metamaterial in the form of a metabarrier is proposed and an
investigation of its response under seismic excitation is analyzed. Results indicate the beneficial role of
the device and DDA mechanism, hence placing the concept as a compelling alternative to existing

seismic protection technologies.

Moris Kalderon NTUA 2023



Vii

ACKNOWLEDGEMENTS

First and foremost, | would like to express my sincere gratitude to my teacher and supervisor
Professor loannis Antoniadis, for the exemplary guidance and constant encouragement throughout
this incredible journey. His continuous support, motivation, and dedicated involvement in every step
of the way extend beyond his academic role. Thank you for supporting my research and for giving me

the trust and freedom to implement my ideas.

| would also like to express my deep gratitude and thanks to Professor Evangelos Sapountzakis and
Professor Christoforos Provatidis for serving at my Doctoral Advisory Committee. | feel grateful for
sharing their expertise and experience with me and helping me grow both as an engineer and a
person. Moreover, | would like to express my most sincere gratitude to the other members of my
examination committee. Associate Professor Dimitris Koulocheris, Associate Professor Vasileios Spitas,
and Assistant Professor Savvas Triantafyllou for serving on my Doctoral Examination Committee and
for their constructive comments which enriched this dissertation. Moreover, | would like to extend my
most sincere gratitude to Assistant Scientist CMMI Dr. Andreas Paradeisiotis. Thank you for being a
member of my Doctoral Examination Committee and especially for all the inspiring discussions we
had, the many interesting ideas you gave me, but also the constructive feedback you provided me. |

greatly appreciated all this.

Next, | would like to express my warm thanks to my coworkers and friends from the Dynamics &
Acoustics Lab, Kostas Fouskas, Christos Yiakopoulos, Dimitris Mylonas and Alberto Erspamer for the
pleasant and productive environment we shared, their support and cooperation which helped
immensely throughout all these years. | would also like to thank Kyriakos Chondrogiannis from ETH for

the fruitful discussions we had and for helping me during the laboratory experiments.

Innovative Vibration Absorbers and Metamaterials for Low-Frequency Wave Mitigation



viii

Most of all, my sincere gratitude goes to Antonis Mantakas, more than just a colleague to me. | will
always be grateful to you for always being by my side. Thank you for all the interesting discussions,
help and proofreading! Without you, this Doctoral journey would not be the same. Looking forward to

our next projects!

Finally, | thank my family for their unconditional love and support. My deepest appreciation is

expressed to them for being a constant source of inspiration.

Last but not least, | would like to acknowledge “INSPIRE—Innovative Ground Interface Concepts for
Structure Protection”). Without the financial support of the European Union’s Horizon 2020 research

and innovation programme - Marie Sklodowska-Curie this research would not be feasible.

Moris Kalderon NTUA 2023



2YNOWH

Avtikelpevo t™ng moapouvcag Olbaktoplkng OSlatplBng amoteAel n BewpnTKA KAl TEPAUOTIKN
Olepelivnon HECWV yla TOV HETPLACHO SoVACEWV Kal Tou YapnAdouxvou Bopufou, aflomolwviac
KaOTOUA SUVAULKA CUOTAUATA armoppodnong TAAQVIWOEWY, KABWE KoL T SUVOLLKES LBLOTNTEC TWV
HETADALKWY. JUYKEKPLUEVQ, TIPOTEIVOVTAL VEQ CUOTHUOTA TABNTIKAG LOVWONS apvnTkhg duokappiag
Kal TEPLOOIKEG OLaTALEl, PE OTOXO Tov OXeSOOUO VEWV, Kal tnv avofadulon oupBatikwy
nxoaroppodnTkwy TeTAoUdTwyY. EmutAéov, efetdlovtal ol duvatotnteg Stadopwyv UNXAVIOUWY
SUVAULKNAG evioxuong pe okomo tn BeATiwon Twv WOLOTATWY NXOUEIWONG AKOUOTIKWY UETAUALKWY Kal

dWVOVIKWVY KpUOTAA WY o€ edapoyEg eAéyxou BopUou Kal XapunAOoUXVwWY KpadaoHwV.

Me 0TOXO TNV QVTIUETWTILON TIOAWY aTtO TIC AVETAPKELEG TWV CUUPBATIKWY TABNTIKWY UECWY EAEYXOU
BopUuBou kal TaAaviwoewy, WIwg oTn TEPLOXN XOUNAWY CUXVOTATWY, ELCAYETAL O BEATIWHEVOG
tohaviwtg KDamper. O KDamper ival éva Kalvotopo ocUoTnUa mabnTkhG Hovwons TAAAVTWOEWY
kal  amooPfeong,  Paocwopévo  otov  BEAToto  ouvduaopd  otoleiwv  oTBapotnrag,
ouuneEPAAUPBAVOUEVOU KAl EVOC oTolyelou apvnTknC otlBapotntac. O oxedlaoudc Twy cUoTNUATWY
pue Baon tov KDamper Baociletal oe mpofAnua BeAtiotonoinong Baclopévo o TEXVIKA KPLTNPLA,
avaAoya e TNV €KAOTOTE KATAOKEUN. ZUYKEKPLUEVA, OTNV Tapoloa €psuva, cuvOUuAleTal PE TOV
unxaviopod adpavelakng evioxvong (IAM) pe otoxo tnv avanmtuén Pacewv otAPLENG AKOUOTIKWY
netaopdtwy. O ouleuypévocg unxaviopog KDamper-IAM otn cuvéxela uloBete(tal o MePLOSIKEG
Sdlatdelc ol omoleg mapouvolalouv {Wveg PepLkoU N TARpoug e€aoBéviong Tng Stddoaong Tou NYou o€
OUYKEKPLUEVA Upn cuyvothtwy (bandgaps). 2to mMAaiclo autod, mpotelvovtal UAOTIOLACELS Yl TNV
KATAOKEUN TETOOUATWY TUTIOU CGAVTOULTS Ol OTtoleC afloAoyouvTal XpNOLULOTIOLWVTAG TO0O AVAAUTIKEC

000 Kal aplBuUNTIKEC avaAUoEeL.
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YTn OUVEXELQ, TIOPOUCLALETAL EVAG VEOG SUVAHIKOG eVIOXUTNC KaTeUBuvong, o unxaviopog DDA, wg
HECO ylo TNV TEXVNT avénon tng UAlOC OUVTOVIOHOU &vog tohaviwtr, xwplg tnv amaitnon
TIOAUTIAOK WY YEWUETPLWY. O UNXOVIOUOG ATOTEAE(TAL ATTO VAV OTTAO, AKAUTITO CUVOECHO TIOU AUEAVEL
v adpavela mpoc TNV emBupuntn katevbuvaon kivnong, meplopi{ovtag Toug KVNUOTIKoUC Babuoug
eheuBeplag TNC HAlag cUVTOVIOUOU. Me ToV TPOTIO AUTO 0 TAAQVTWTNC avaykaletal va Kivnbel péow
pag mpodlayeypappevng Stadpounc. Ev mpokelpévw, o punxaviopog DDA edapudletal otn Baon
GWVOVIKWY KPUOTAAWY KAl O€ TOTUKA CUVTOVIOUEVA METAUAIKA wC HECO evioxuong tng adpAvelag
Twv otolelwv touc. Ta QVaAUTIKA, aplBUNTIKA KAl TIELPOUOTIKA OMOTEAEOUATA avaSELKVUOUY
ONUOVTIKEG BEATLWOELG KL TTAEOVEKTALATA. OE OXEON HE TG AVTIOTOL(EC CUUPBATIKEC TIEPLOSIKEG OOUEC,
OTIWG EUPUTEPEC LWVEG TTEPLOPLOUOU TNG S1adoong Tou KUUATOC Kal auénuévo Adyo anooPfeong. TENOG,
TIAPOUCLAZETAL O OXESLAOUOC EVOC OELOUIKOU HETAUALKOU ylo TNV TPOOTACIO KOTAOKEUWY Evavtl
ETUPAVELAKWY KUPATWY Kol Slepeuvdtal N amokplon Tou UTO OELoKN SlEyepon. Ta amoteAéopata
avadeLlKVUOUV TOV EUEPYETIKO pOAo NG SLaTaéng Kal Tou unxaviopou DDA, tonmoBetwvtag €ToL TNV

(O WG ULOL ETUTOKTLKY) EVAAAAKTIKA AUCN OTLG UTIAPYOUOEC TEXVOAOYIEG.
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1 INTRODUCTION

1.1 Introduction & Motivation

The founding pillar of this research work lies in the mitigation of vibrations and the enhancement of
the dynamic properties of a variety of engineering structures. Specifically, the main goal of the studied
vibration control mechanisms is the acoustic treatment and consequently, noise reduction through
various proposed frameworks that target the low-frequency domain of an incoming acoustic wave.
Inspired by the use of novel metamaterials and amplification mechanisms, a series of innovative
systems are conceptualized, designed and presented herein, seeking for solutions to low-frequency

vibration control and sound attenuation problems.

To begin with, environmental Noise Pollution is currently considered the second largest cause of
pollution in the world, next only to air pollution. Exposure to severe environmental noise contributes
to several health impacts and is currently a growing concern of both the general public and
policymakers. It is undoubtedly a serious issue in modern urban areas that can significantly deteriorate
the quality of life of people living in such conditions. According to WHO, excessive exposure to high
levels of road traffic noise can increase the health risks of ischemic heart disease (IHD), stroke and
diabetes. In addition, annoyance and sleep disturbances may occur to people exposed to high levels of
ambient noise for long periods of time. Similar consequences to human health can be provoked by
railway and aircraft noise, that are very common in modern European cities. For the aforementioned
health reasons, the Environmental Noise Guidelines for the European region propose the reduction of
the noise level produced by road traffic to 53 dB Lgay (day - evening noise level) and to 45 dB Luight
(night noise level). Similar noise level limitations are proposed for aircraft and railway noise. The actual

situation in the EU countries, concerning noise pollution, is far from these limitations proposed by the
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WHO. As a result, actions should be taken to align with the European Noise Directive (END) and the

European Green Deal and thus, reduce noise pollution and its consequences.

Among the urban environments, where the reduction of noise level is critical, are residential and work
buildings, schools, hospitals, and the public space around this infrastructure. Aiming to achieve the
goal of significant noise mitigation at these spaces, various measures can be taken that refer to either
the noise source, the propagation path or the receivers’ end. Traditional approaches for noise
attenuation focus on passive techniques that mainly include soundproofing panels and sound barriers
made of conventional materials (e.g., polyester, steel, concrete). However, these structures are
usually bulky (especially for the mitigation of low-frequency noise) and non-sustainable as they require

the use of significant amount of material to achieve the required mass of the panel.

Current noise protection measures in the low-frequency range, below 500Hz and especially within the
region between 20Hz and 100Hz, are neither effective nor applicable. On the contrary, many
environmental noise sources have a significant frequency content in this range; A typical example are
vehicles of all types (cars, trucks, trains, aircrafts, etc.), which produce impact or random broadband
noise, with its most significant part being in this frequency range. Another example are construction
activities (i.e., dynamic compaction, roadbed compaction, pile driving, blasting) with frequency
spectrum well below 100Hz. To this end, designing lightweight structures with low-frequency vibration
control properties and sound radiation has always been technically demanding and practically crucial.
Towards this direction, the need for low-cost and low-mass vibration isolation within the modern
aerospace, automotive, and construction industry has motivated research groups at a worldwide level

to develop novel vibration isolation concepts and sound mitigation mechanisms.

Inspired by the need to achieve vibration control and mitigate low-frequency sound and noise, this
research work focuses on the conceptualization, design, analysis and experimental verification of
different vibration control systems. The overarching goal is to achieve applicable solutions in the low-
frequency domain, by adopting the extraordinary dynamic properties of phononic and locally resonant
metamaterials, as well as various mechanical amplifiers and elements that increase the phenomenal
inertia of a structure and eliminate in this way the need to introduce large additional masses. In the
following sections, a brief literature review of acoustic metamaterials as well as of existing mass
amplification mechanisms is presented. In addition, an outline of this Doctoral thesis along with the

main originalities and research novelties of the study are briefly demonstrated.
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1.2 Brief Literature Review

1.2.1 Sound and Noise

The word noise refers to the unwanted sound, unexpected and/or unpleasant which interferes with
thinking, concentrating, working, sleeping and any other potential human activity. The word originates
from the Latin word ‘Nausea’ and although sound and noise have a similar meaning, noise refers to an
undesired, unpleasant form of sound (Firdaus and Ahmad, 2010). Noise in urban areas is generated
from highways, airplanes, industrial plants, construction sites, music spaces, ventilation systems etc.
During the last decades, advancements in transportation, industry and construction technology has
led in a dramatic increase of noise levels in urban areas and consequently, human beings living in such
areas are more prone to hearing problems and other health issues such as anxiety, sleep disturbance,
cardiovascular problems etc. (Goines and Hagler, 2007; Passchier-Vermeer and Passchier, 2000).
These issues may develop both due to a sudden short-time high level noise, and due to prolonged
exposure to certain noise levels and frequencies. To this end, the scientific community studies various
methodologies and concepts to achieve mitigation of noise and protection of human health and
wellbeing. Noise control usually refers to the following three major methodologies: (i) mitigation of
noise at the source of sound; this may be achieved by technologies that produce less sound to operate
or require less vibration to be effective, (ii) reduction of noise along its path; this is usually undertaken
by considering absorption, isolation and other attenuation methods, and (iii) protection of the receiver
by using sound-proof equipment at the receiver’s end, e.g., ear protection (Crocker, 2008; Kishore et

al., 2021).

By all means, the sound that is detected by human beings and other species is the reflected acoustic
wave that travels back to our ears after hitting a surface. Longitudinal sound waves, travelling through
air, are waves of alternating pressure deviations from the equilibrium pressure, causing local regions
of compression and rarefaction. In terms of frequency, sound waves are divided to three categories:
infrasound, audible sound, and ultrasound. The infrasound has frequencies less than 20 Hz, and it can
be usually detected by animals such as whales, cats, and alligators. The ultrasound drops on a
frequency spectrum higher than 20 kHz. It can be detected by bats, dolphins, moths, and lacewings.
The audible sound has a frequency spectrum such that the human ear can detect, and generally

ranges from 20 Hz to 20 kHz.

The loudness/strength of a sound wave is dependent on its amplitude. In acoustic applications and
research, the sound pressure level (SPL) is usually employed as a measure of the acoustic wave’s

amplitude and is defined as SPL= 20xlog,, | p/ p, |. The units of the SPL are decibels (dB), p is the

sound pressure and po the reference sound pressure.
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The strength of sound, which human ears perceive, is called loudness. Mathematically, the higher SPL,
the louder sound. However, at different frequencies, human ears have different sensitivity. Generally,
human is less sensitive to lower than higher frequency sound. Figure 1-1 depicts the equal loudness
contours for which a listener perceives the same loudness. The unit of the loudness is phon, and the

phon of each contour is the SPL at 1 kHz.
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Figure 1-1: The equal loudness contours and the SPL spectrum of some popular noise sources as illustrated by the
insets. (based on the figure of Nguyen 2021)

1.2.2 State-of-the-Art in Low-Frequency Noise Mitigation

In the last two decades, there is tremendous development in the acoustic field to absorb or suppress
sound wave propagation. However, traditional acoustic materials have certain limitations for sound
insulation and absorption at low-frequency. Investigation of the acoustic performance of common

means of acoustic treatment, such as plasterboard panels, is most often focused on middle to high
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frequency regions and, particularly, in the coincidence region of sound transmission. Meanwhile, the
sound transmission in the critical frequency range of 0-200 Hz has only recently begun to be

addressed frequently.

A metric of acoustic performance of a passive solution for acoustic treatment, especially referring to
panel or layer type of solutions, is the sound transmission loss (STL). The STL of a conventional
sandwich panel-type of solution, which can be modeled as an "m-k-m" system, is stiffness and
resonance controlled at the low-frequency range, while frequencies above the fundamental, are
dominated by the mass law. The stiffness-controlled region depends primarily on the elastic stiffness
of the mounting and the bending stiffness of the panel, transforming the issue to a classic vibration
isolation/absorption problem. However, since the STL curve of a finite panel has a first major

reduction at the resonant frequency, conventional sandwich panels demonstrate a certain inefficiency

in this range.
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Figure 1-2: Typical STL profile of a panel.

Generally, since the “mass law” that governs the mid-frequency range above the fundamental
frequency states that the level of sound transmission loss (STL) can be improved only by increasing the
mass density of the panel, this leaves only the mitigation of the fundamental panel resonance region,

as in Figure 1-2, especially when the addition of extra mass needs to be avoided.

Passive solutions such as foam layers, sound, natural fibers and recycled materials are alternatives to
conventional materials due to their low cost and less environmental effect (Kishore et al., 2021).
However, natural materials have certain limitations like high flammability and moisture absorption.

Sandwich panels, diffusing panels and blocks, sandwich panels and many others (Makris et al., 1986)

Innovative Vibration Absorbers and Metamaterials for Low-Frequency Wave Mitigation
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constitute widespread means for acoustic treatment in a vast range of applications from room
acoustics to loudspeaker enclosures, etc. In addition, although they are considered the most common
solution (de Melo Filho et al., 2019), their effectiveness in low-frequency isolation has not been
extensively documented, even in cases where novel composite honeycomb arrangements (Moore and

Lyon, 1991) with negative stiffness element inclusions (Chronopoulos et al., 2017) are considered.

As a summary, state-of-the-art research includes various acoustic materials such as natural fibers and
recycled materials, metamaterials, acoustic black holes, micro-perforated panels, and advanced foams
aiming to achieve broadband noise mitigation. The capability of new technologies and research allows
to build complex systems like perforated panels, gradient-index, space-coiling, and metamaterial-
based periodic structures that seek a solution towards mitigation of low-frequency noise, without the
need of huge masses. An overall schematic representation of acoustic materials for noise reduction is

presented in Figure 1-3.

Metamaterials
Advanced Foams *  Artificial structures
¢ Metallic foams — High strength to * Negative mass density
weight ratio * Negative bulk modulus
* Open cell foam — good sound * Broadband sound absorption at low
absorbing capacity frequency
* Tunability and Multi-functional

Natural Fibers & Natural Fibers &
Recycled material Recycled material
= Porous structure = Porous structure
= Eco-friendly Acoustic Materials = Eco-friendly
= Good sound = Sound-proofing * Good sound
absorption at high = Sound absorbing absorption at high
frequency frequency
= High flammability = High flammability
= Moisture absorption 7N\ 7N\ = Moisture absorption
Acoustic Black Holes Micro-Perforated Panels
* Structure with Local * Absorb & reduce sound
inhomogeneity intensity
+ Trap the incoming wave «  Wide frequency band

Figure 1-3: Overall schematic representation of acoustic materials (based on the figure of Kishore et al., 2021)

In the following sections a short explanation, history and literature review of metamaterial concepts
are presented along with details on their extraordinary wave manipulation properties. Recent

applications in vibration control and sound attenuation are also provided.
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1.2.2.1 Metamaterials for noise mitigation & low-frequency vibration control

Aiming to achieve vibration control and noise mitigation in the low-frequency domain, researchers
have turned their attention to the development of new technologies that overcome the main
drawbacks of conventional acoustic materials. State-of-the-art includes the introduction of
metamaterials as a means to control noise and attenuate low-frequency vibration. In the following
paragraphs, a definition and short history of metamaterials is presented, along with a number of
major metamaterial applications for wave manipulation and recent research on their applicability in

noise attenuation.

1.2.2.2 What are metamaterials?

The word metamaterial comprises the words meta and materia. The word meta stems from the Greek
prefix and has the meaning of beyond, and after. When combined with words in English, meta usually
signifies “change” or “alteration”. The word material stems from the Latin word materia, carrying a
meaning of matter or material (Wang et al., 2022). In this way, the term “metamaterials” is generally
used to describe artificial composite materials that gain their properties primarily from their structural
configuration, rather than their composition. These are manmade, usually periodic or random
structures whose periodicity can be in the material phases, the internal geometry, or the boundary
conditions and enable in this way, manipulation of the dispersive properties of vibrational waves.
Initial studies on metamaterials, and specifically on phononic crystals were carried out in 1992,
indicating that appropriate design of such microstructures can filter and significantly alter the

propagation of elastic waves within elastic media (Gao et al., 2022; Sigalas and Economou, 1992).

1.2.2.3 Classification of metamaterials

Phononic crystals and acoustic metamaterials are considered as the two major classes of
metamaterials and have generated significant scientific interest for their adoption in diverse
technological applications. These range from sound attenuation to ultrasonic imaging,
telecommunications, thermal management and thermoelectricity, and even to mitigation of seismic
surface waves. The main interesting feature of such metamaterials is their ability to attenuate waves

in specific frequency ranges, known as stopbands or bandgaps.

These bandgaps can be broadly classified in two physical mechanisms: (i) Bragg scattering, the
property of phononic crystals (Brillouin, 1946), and (ii) local resonance, the property of acoustic

metamaterials (Mahmoud I. Hussein et al., 2014; Liu et al., 2000; Mead, 1996). In general, the Bragg-
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type bandgaps occur at wavelengths in the direction of sound wave propagation and require a
periodic arrangement of scatterers with dimensions and periods comparable to the wavelength (Liu et
al., 2020). On the other hand, acoustic metamaterials have the added feature of local resonance, and
although often designed as periodic structures, their properties do not rely on periodicity. Their locally
resonant bandgaps correspond to internal resonances due to their microstructure, and they can be
generated using resonators (Li and Chan, 2004; Mei et al., 2006; Pennec et al., 2008; Wu et al., 2008).
As a result, the structural features of acoustic metamaterials can be significantly smaller than the
wavelength of the waves they are affecting. Locally resonant structures may exhibit negative effective
dynamic mass density and bulk modulus and hence, lead to such unusual dispersion properties. Both
types of wave filtering and attenuation can be achieved by customizing the structure of the unit-cell
(Mead, 1996; Zhou et al., 2017). For example, researchers usually obtain low-frequency Bragg-type
bandgaps by embedding high-density materials in low-density host materials, by constructing large
unit-cells to retain low wave speed or by using large lattice constants (Sprik and Wegdam, 1998;
Suzuki and Yu, 1998). On the contrary, locally resonant bandgaps may be easily obtained at low-
frequencies, yet they require heavy resonators to obtain wide bandwidths, which may prohibit their
practical implementation. Whether these materials impact wave dispersion (i.e., band structure)
through Bragg’s scattering or local resonant oscillators, they can achieve a wide range of unusual

spectral (o-space), wave vector (k-space), and phase (¢’-space) properties.

While most studies have focused on actual, realistic models of locally resonant acoustic or elastic
metamaterials, much can be learned by exploring the problem in the context of a simple “mass-in-
mass” lumped parameter model as done by Huang et al. (2009). An overview of the typical unit-cell of
a periodic phononic and acoustic metamaterial structure, using a simplified lumped parameter model

is presented in Figure 1-4 below.

< > <
1 1

Figure 1-4: Lumped parameter unit-cell model of (a) phononic crystal (mass-and- mass) and (b) acoustic

\
A\

metamaterial (mass-in-mass)
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1.2.2.4 Properties and history of phononic and acoustic metamaterials

The development of phononic crystals for the control of vibrational waves followed by a few years the
analogous concept of photonic crystals (1987) for electromagnetic waves (Yablonovitch, 1987). Both
concepts are based on the idea that a structure composed of a periodic arrangement of scatterers can
affect quite strongly the propagation of classical waves, such as acoustic/elastic or electromagnetic
waves. It is interesting to observe that the concept was first theoretically proposed in the field of
electromagnetism by Veselago (1968). Since then, metamaterial configurations with negative
equivalent permittivities and permeabilities have been implemented in experiments (Smith et al,,
2000). Similar concepts have been used for heat transfer (Liu et al., 2011), mechanics (Zheng et al,,
2014) and optics, (Hao et al., 2010) which have promoted both the emergence and rapid development

of acoustic metamaterials, in parallel with research on phononic crystals.

Specifically, phononic and photonic crystals/metamaterials are associated with a collective excitation
in a periodic elastic arrangement of molecules (phonons) and elementary particles of electromagnetic
waves (photons), respectively. An initial study on a periodic structure aiming to manipulate wave
propagation of phonons was presented by Narayanamurti et al. (1979). The proposed superlattice is
nowadays considered as one of the first one-dimensional phononic crystals. During the early 1990s,
Sigalas and Economou (1992) demonstrated the elastic wave propagation and bandgap formation in a
two-dimensional phononic crystal, consisted of fictitious materials. In 1993, they repeated their study
in two-dimensional fluid and solid systems constituted of periodic arrays of gold cylindrical inclusions
in a beryllium host structure, incorporating out-of-plane shear waves (Sigalas and Economou, 1993).
The above pioneering research work is considered as the birth of phononic metamaterials. In 1994,
Kushwaha et al. (1994, 1993) calculated for the first time the full band structure of out-of-plane wave

propagation in a periodic array in an aluminum alloy matrix.

Meanwhile, there has also been significant interest in the applications of sonic crystals consisting of
multiple phases arrays of liquids or gases. Towards this direction, In 1995, Francisco Meseguer and
colleagues determined experimentally the aural filtering properties of a perfectly real but fortuitous
phononic crystal, a minimalist sculpture by Eusebio Sempere standing in a park in Madrid, Spain
(Martinez-Sala et al., 1995) (Figure 1-5). This sculpture is a two-dimensional periodical square
arrangement of steel tubes in air. They showed that attenuation of acoustic waves occurs at certain
frequencies due not to absorption since steel is a very stiff material but due to multiple interferences
of sound waves as the steel tubes behave as very efficient scatterers for soundwaves. The periodic
arrangement of the tubes leads to constructive or destructive interferences depending on the

frequency of the waves. The destructive interferences attenuate the amplitude of transmitted waves,
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and the phononic structure is said to exhibit forbidden bands or band gaps at these frequencies. The
acoustic band structure of these systems was also reported by the experimental investigations of

Sanchez-Perez et al. (1998) (audible range) and Montero de Espinosa (1998) (ultrasonic range).
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Figure 1-5: (a) Eusebio Sempere’s sculpture in Madrid, Spain, (b) Measured sound attenuation as a function of
frequency. The inset illustrates the direction of propagation of sound waves. The brackets [hkl] represent, in the
vocabulary of X-ray diffraction, crystallographic planes for which Bragg interferences will occur (Martinez-Sala et

al., 1995).

Acoustic metamaterials (AMs), on the other hand, exhibit extraordinary dynamic properties due to
their local features and uniquely engineered configurations, namely their "microstructures”. These
microstructures are usually materialized in the form of locally resonant elements or other dissipation
mechanisms incorporated within a host structure, and periodicity is not required for the formation of
bandgaps. For the first time, in 2000, Liu et al. (2000) presented this new class of locally resonant sonic
materials that exhibited spectral gaps with lattice constants two orders of magnitude smaller than the
relevant sonic wavelength. Their work adopted a rubber material to coat a high-density core to obtain
a local resonance unit that exhibits negative mass density at the frequencies where these sub-
wavelength microstructures resonate and move out of phase with the excitation. Their proposed
structure exhibited a good sound absorption effect resulting from local resonance in the low-

frequency band. An overview of their work is depicted in Figure 1-6.
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Figure 1-6: (a) Cross section of a coated lead sphere that forms the basic structure unit (b) for an 8 X 8 X 8 sonic
crystal. (c) Calculated (solid line) and measured (circles) amplitude transmission coefficient along the [100]
direction as a function of frequency, (d) calculated band structure of a simple cubic structure of coated spheres in
very good agreement with measurements (the directions to the left and the right of the G point are the [110] and
[100] directions of the Brillouin zone, respectively (Liu et al., 2000).

Subsequently, negative effective acoustic parameters were observed in many other structures,
including periodically arranged Helmholtz resonators (Fang et al., 2006) (Figure 1-7), membrane-type
structures (Yang et al.,, 2008), and coil-up space structures. The material parameters of such
metamaterials can be tuned to any values in material space by adjusting their microstructures. In
other words, their architecture can be designed to produce the desired response, including negative

effective mass (Huang et al., 2009; Huang and Sun, 2009; Lu et al., 2009; Yao et al., 2008), negative

Poisson's ratio (Lakes, 1993), and negative stiffness (Huang and Sun, 2012).

Innovative Vibration Absorbers and Metamaterials for Low-Frequency Wave Mitigation
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Figure 1-7: (a) A typical Helmholtz resonator (Mei et al., 2013), (b) Schematic representation of the structure of
a series of Helmholtz resonators coupled together (Liu et al., 2000).

Although acoustic meta-materials have long been considered to present the only available direction to

create bandgaps at wavelengths much longer than the lattice size, and thus enable low-frequency

vibration attenuation, the width of the resulting band gaps is generally very narrow —especially when

|Il

referring to the conventional “mass-spring-mass” and tuned mass-damper (TMD) based periodic
structures — since it depends on the ratio of the internal oscillating mass to the external mass of the

unit lattice.

1.2.2.5 Acoustic Metamaterial applications & state-of-the-art in noise abatement

As discussed in the previous sections, acoustic and locally resonant metamaterials harness their
potency from their low-frequency, subwavelength characteristics. There exists a vast number of
acoustic metamaterial applications including implementations for vibration control, noise abatement,
subwavelength focusing on fine-scale imaging applications, acoustic cloaking and recently, even for
mitigation of seismic waves. A detailed review of the state-of-the-art acoustic metamaterial

applications and theory can be find in Gao et al. (2022), Hussein et al. (2014) and Liao et al. (2021)

In general, acoustic metamaterials do not obey the mass law that governs the low to mid-frequency
range and consequently, they may exhibit much higher noise insulation properties than any other
typical acoustic material, especially in the low-frequency domain (Bilal and Hussein, 2013; Ding and
Zhao, 2011; Ho et al.,, 2003). To this end, the concept finds application to sound proofing in buildings,
mitigation of noise from highways and airports, vibration minimization in vehicle structures and
machines, shock mitigation, etc. In addition to isolation, where reflection is desired, researchers also
considered sound absorption as an objective, that on the contrary, requires the minimization of

reflection (Mei et al., 2012; Romero-Garca et al.,, 2011).
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In 2008, the first membrane-type acoustic metamaterial was proposed (Yang et al., 2008). The
investigated material consisted of a tensioned elastic membrane with an additional mass on a support
frame. Results showcased sound insulation properties much greater than the ones predicted by the
mass law. Since then, membrane-type metamaterials have attracted the interest of researchers and
the industry due to their simple structure that seems promising for future applications. Studies have
developed a number of analytical and numerical models to estimate the acoustic characteristics of
these novel concepts (Chen et al., 2014; Langfeldt et al., 2015; Zhang et al., 2012), and performed

experimental validation tests (Gao et al., 2018) in acoustic impedance tubes.

However, membrane-type acoustic metamaterials may suffer damage due to the pre-stress tensor of
the membrane and consequently their practical implementation is significantly reduced. Therefore, a
more realistic alternative for noise reduction applications comprises thin-plate type acoustic
metamaterials. Langfeldt et al. (2019) proposed an analytical method to estimate the eigenmode and
sound transmission loss (STL) of thin-plate metamaterials while Varanasi et al. (2013), proposed to
replace the concept of the elastic membrane with a lightweight thin plate acting together with a mass
block, and a frame. More recently, the sound insulation performance of a large square-plate acoustic
metamaterial panel composed of a periodic array of square elements which was evaluated under
normal excitation (X. Wang et al., 2019). Characteristic examples of low-frequency membrane and thin

plate type acoustic metamaterials are presented in Figure 1-8.
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Figure 1-8:Examples of membrane-type and thin plate acoustic metamaterials for sound isolation: (a) large
square-plate acoustic metamaterial panel composed of a periodic array of square elements (X. Wang et al.,
2019), (b) 2D acoustic black hole thin-plate for sound insulation (Conlon and Feurtado, 2018), (c) a semi-
cylindrical mass attached to the surface of an elastic membrane (Mei et al., 2012), and (d) low-frequency acoustic
metamaterial membrane type (Zhou et al., 2020).

Another intriguing application of acoustic/elastic metamaterials is cloaking, whereby an acoustic (or an
elastic) wave is steered around an object rather than be scattered by it. A common approach for this
problem is based on transformation acoustics (or elasticity) theory, whereby a target material
distribution around the object of interest is mathematically synthesized from the point of view of
heterogeneity and anisotropy (Chen and Chan, 2007; Cummer and Schurig, 2007; Milton et al., 2006;
Norris, 2009). Acoustic/elastic metamaterials are viewed as promising candidates for practically
realizing the unusually extreme material properties that emerge from this transformation process
(Milton and Nicorovici, 2006; Spiousas et al., 2011). This is an open area of research that promises to

continue to attract the attention and imagination not only of scientists, but also of the general public

as a whole.

Elastic wave cloaking and locally resonant metamaterials in the form of metabarriers have also been
studied recently as a mitigation measure for seismic surface waves. Brilé et al. (2013), undertook a

large scale experiment to test the properties of a seismic metamaterial consisting of a mesh of vertical
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empty inclusions bored in the initial soil. Tests were carried out using seismic waves generated by a
monochromatic vibrocompaction probe. Measurements of the velocities and accelerations indicated
an alteration of the seismic energy distribution in the presence of the metamaterial, which was in
agreement with previous numerical simulations, and showcased the applicability of the system as a
realistic seismic protection measure. As another example, Colombi et al. (2016), have claimed that
resonances in trees result in forests acting as locally resonant metamaterials for Rayleigh surface
waves. A geophysical experiment indicated that surface waves were significantly attenuated over two
separate large frequency bandgaps. Other engineered metabarriers have been proposed as a means
to mitigate seismic surface waves, e.g., (Dertimanis et al.,, 2016; Palermo et al., 2016). Figure 1-9

illustrates indicative examples of seismic acoustic metamaterials proposed in the literature.

Rayleigh waves (RW)
- ——— Surface

Resonator

Sensitive three components Five meters deep  Source :
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- Horizontal displacement : 14 mm

Figure 1-9: Examples of seismic acoustic metamaterials: (a) large-scale seismic surface wave cloak (BrGlé et al.,
2013), and (b) engineered metabarrier for Rayleigh surface wave attenuation (Palermo et al., 2016).

1.2.2.6 Limitations of acoustic metamaterials

Although conventional locally resonant metamaterials appear promising in the field of vibration
control and sound attenuation, there are still some critical limitations and constraints that require
scientific attention and further study. One of the major issues is the requirement of bulky internal
parasitic masses and large amplitudes of the internally oscillating structures which may complicate the
implementation of these acoustic metamaterials (Kulkarni and Manimala, 2016). To this end, state-of-
the-art research focuses on various mechanisms to artificially increase the inertia of the resonating
mass and develop realistic mechanisms that may achieve broadband mitigation of acoustic waves. A

brief review of the existing amplification methodologies is provided in the following sections.
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1.2.3 The need for Inertial Amplification Mechanisms

Amplification of the vibrational response of mechanical and structural systems is of key significance to
enhance their dynamic properties and upgrade their key performance attributes. To this end, various
inertial and displacement amplification mechanisms have been developed and implemented in

numerous engineering fields.

The performance of such mechanisms has been explored by researchers in various applications
including sensors and electromechanical signal amplifiers (Aghamohammadi et al., 2020; Dolev and
Bucher, 2016; Igbal et al., 2021) energy harvesting mechanisms (Adhikari and Banerjee, 2022; Dai and
Yang, 2021; Ha and Fang, 2014; Miranda et al., 2020; Shahosseini and Najafi, 2014; Wang et al., 2016;
Yang et al., 2021), as well as vibration and sound mitigation technologies (Bergamini et al., 2019; Niels
M.M. Frandsen et al., 2016). In addition, flexure-based displacement amplifiers, e.g., lever-principle
based amplifiers, triangular-principle based amplifiers, and compliant mechanisms, have been
proposed in the past decades showcasing their significance and cost-effectiveness in various fields
such as bioengineering, optical instruments and other ultra-precision and nano-manipulation
technologies (Chen et al., 2012, 2020; Guo et al., 2022; Hong et al., 2022; Sun et al., 2022; Zhu et al,,
2016).

1.2.3.1 Mass ampilification for vibration control

Specifically, vibration control has received considerable research interest in the past few decades, with
special emphasis on developing effective, simple, affordable and applicable control systems to
mitigate the vibration of mechanical systems, introduce sound attenuation and protect structures
against natural or man-made hazards (Ma et al., 2021). Vibration control advancements focus lately
on the development of passive, semi-active, and active vibration control approaches. Among others,
these include the incorporation of additional oscillating masses, that introduce damping to the
dynamic system (e.g., Tuned Mass Dampers - TMD), the application of negative stiffness elements

(i.e., Negative Stiffness Devices — NS, and Quasi-Zero Stiffness Oscillators — QZS).

Aiming to overcome the hefty mass requirements of the existing systems, various methodologies have
been proposed to artificially increase the inertial forces of the oscillating masses. Recently, Smith et al.
(2002) introduced an innovative damping mechanism, namely the inerter, that takes advantage of
amplified effective inertia in order to mitigate vibration of various structures. Amplification is realized
by adopting a levered mass mechanism in parallel with a spring, generating an additional force that is

proportional to the acceleration between the two, inerter connected, nodes. Although the system was
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originally designed for machinery and specifically train and other vehicle suspension mechanisms, its

application was extended lately as a solution to numerous vibration control problems.

In particular, such inertial amplification devices have been introduced and experimentally tested as a
means to enhance the performance of conventional base isolation and TMD systems (Chowdhury et
al., 2021; Moraes et al., 2018; Nakamura et al., 2014; Shi et al., 2022). As an example, Marian and
Giaralis (2014) and Giaralis and Taflanidis (2018) proposed an inerter-enhanced TMD, namely the
tuned-mass-damper inerter, as a seismic protection measure of structures. In a similar way, Cheng et
al. (Cheng et al., 2020) presented a simple inertial amplification mechanism, the 1AM, that improves
the performance of the classic TMD using the amplification effect of a triangular shape mechanical

system.

1.2.3.2 Applications in Metamaterials

As previously mentioned, conventional locally resonant metamaterials (LRMs) (Huang et al., 2009)
may require hefty internal parasitic masses, as well as additional constraints at the amplitudes of the
internally oscillating locally resonating structures, which may prohibit their practical implementation
(Kulkarni and Manimala, 2016). Therefore, achieving wide and low-frequency bandgaps, based solely
on traditional LRM structures is a challenge. Recently, attempts have been made towards artificially

increasing the resonating mass's inertia via amplification mechanisms.

Inspired by the successful application of inertial amplifiers in engineering applications, several works
proved their suitability in the context of periodic structures (Acar and Yilmaz, 2013; Mi and Yu, 2021;
Taniker and Yilmaz, 2017; Yilmaz and Hulbert, 2010; Yuksel and Yilmaz, 2015). Researchers (Feifei and
Lei, 2019; Kulkarni and Manimala, 2016; Wang, 2020) studied the longitudinal elastic wave
propagation characteristics of inertant acoustic metamaterial configurations having inerters either in
the local attachments or in the lattice, using effective models for their one-dimensional discrete
element lattice chains. These analyses indicated that up or downshifting of the bandgap frequency
range and its extent depends on the inerter configuration while retaining static mass addition to the
host structure to a minimum level. Frandsen (2016) investigated wave motion propagation in a
continuous elastic rod with periodically attached inertial amplification mechanisms, which he utilized
in @ manner that alters the intrinsic properties of the continuous structure. He concluded that the
inertial amplification system is superior, as the simple local resonance system requires approximately
twenty times heavier mass to obtain a comparable bandgap width. Li and Li (2018) extended

Frandsen's model and included inertial amplification to infinite elastic beams.
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Figure 1-10: Example of inertial amplification in metamaterial concepts: (left) view of the numerical model of the
inertial amplification mechanism, and (right) The two-dimensional acoustic metamaterial model with embedded
inertial amplification mechanisms (Acar and Yilmaz, 2013).

1.2.3.3 Negative stiffness elements as inertial amplifiers

In addition, the introduction of negative stiffness (NS) elements has been proposed as an artificial way
to increase the inertia of oscillators and to improve the dynamic response of various structures. A
negative stiffness element is a stiffness element that generates force in the direction of movement
instead of opposing it. The adoption of negative stiffness elements or “anti-springs” was initially
introduced as a vibration isolation methodology by Molyneaux (1957) and was more recently further
developed in the work of Platus (1992). The concept behind the vibration control properties of such
systems is the reduction of the isolator’s stiffness during vibration, consequently leading to a decrease
of the natural frequency of the system. In this way, the eigenfrequency of the structure shifts away
from the vibration frequency spectrum, hence acting as an isolation mechanism. In some cases, the
frequency of the system reaches almost zero (Carrella et al., 2007) levels being, thus, called “Quasi-
Zero Stiffness” (QZS) oscillators. A review of QZS oscillators was presented in the work of lbrahim
(2008). NS elements have been introduced by Nagarajaiah et al. (2007) and Pasala et al. (2013) as an
approach for the seismic protection of structures. They proposed an adaptive stiffness device that
introduced negative stiffness at the base of the structure and results in significant reduction of the

input seismic forces.

Advances in mechanical engineering and expertise have facilitated the application of more complex
mechanisms, such as newly fabricated hardware that incorporates negative stiffness. These are
implemented for seismic isolation (Sarlis et al., 2016; Shen et al., 2017; Sun et al., 2017; M. Wang et
al., 2019), in vehicle and automotive suspensions (Le and Ahn, 2013; Lee and Goverdovskiy, 2012) and

torsional vibrations (Zhou et al., 2015). More recently, periodic structures that combine positive and
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negative stiffness elements have been proposed as advanced mechanisms to enhance dynamic

behaviour and provided additional damping (Antoniadis et al., 2015; Michelis and Spitas, 2010).

Another example of such an NS-based absorber is the KDamper (KD) concept that has been examined
in various engineering applications such as seismic mitigation and protection of structures
(Konstantinos A Kapasakalis et al., 2020; Konstantinos A. Kapasakalis et al., 2020; Mantakas et al,,
2022) and low-frequency sound attenuation (Kalderon et al., 2021; Paradeisiotis et al., 2020).

Additional information and details on the concept are provided in the following chapters of this thesis.

In the context of metamaterial structure, the inclusion of negative stiffness elements to the oscillating
system shows promising results in addressing this issue, to a certain extent, revealing the potential of
the use of negative stiffness (Antoniadis et al., 2015, 2016; Paradeisiotis et al., 2020) towards the
design of low-frequency acoustic metamaterials (I Antoniadis and Paradeisiotis, 2018; loannis

Antoniadis and Paradeisiotis, 2018; Chronopoulos et al., 2017, 2015).
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Figure 1-11: Examples of a negative stiffness enhanced acoustic metamaterial: (left) view of the proposed
honeycomb architecture and the employed NS element, and (right) numerical model of the proposed tripod NS
mechanism (Chronopoulos et al., 2017)

1.3 Scope & Originalities of the Thesis

The scope of this research work lies in the mitigation of vibrations and enhancement of the dynamic
properties of noise attenuation and vibration control mechanisms. Specifically, the main goal of the
study is the acoustic treatment and the proposition of noise reduction frameworks that specifically
target the low-frequency regime of an incoming acoustic wave. The envisaged mechanisms are
inspired by the use of phononic and acoustic metamaterials as well as the inclusion of amplification
mechanisms and are designed and conceptualized to seek solutions to low-frequency vibration control

and sound mitigation problems. A series of analytical and numerical frameworks as well as
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experimental set-ups are developed in order to evaluate and subsequently validate the effectiveness

of the proposed systems.

The applications introduced and studied herein include the introduction of negative stiffness elements
and more specifically, the introduction of KDamper absorbers in the form of mounts that enhance the
sound attenuation properties of acoustic panels. In addition, metamaterial designs with the inclusion
of KDamper and mass amplifiers are presented; analytical and FE analysis indicates the beneficial role
of the system towards low-frequency sound mitigation. Aiming to further explore the boundaries of
low-frequency vibration control, a simple dynamic amplification mechanism, namely the DDA, is
introduced and implemented for the first time in various applications; these include phononic and
locally resonant metamaterials, as well as panels for acoustic treatment. Analysis includes analytical,
numerical and experimental evaluation and showcases the beneficial effect of the DDA mechanism
towards low-frequency vibration control. The overarching goal of the dissertation is to delve into the
state-of-the-art research in acoustic and vibration control by exploring the extraordinary properties of
metamaterial structures enhanced with negative stiffness elements as well as amplification

mechanisms.

The research work presented herein is considered original and its essential features and novel aspects

are summarized as follows:

i.  The KDamper vibration control mechanism is designed and implemented in acoustic panels
and metamaterial assemblies as a means to enhance the vibration control and noise

attenuation properties of a system and achieve mitigation in the low-frequency range.

ii.  The simple to realize inertial amplification mechanism (IAM) system is presented to enhance
the vibration mitigation performance of the classic K-Damper. By coupling the IAM system
with the classic KDamper a new inerter equivalent KDamper is introduced, namely the KD-
IAM; the addition of the IAM allows to suppress the dynamic response of both the primary
structure and the absorber. The theory of classic KDamper is extended to investigate the

dynamic properties of the coupled mechanism.

ii.  The KD-IAM is applied as a noise panel mounting mechanism; equations of motion are
extended to include the deformable panel according to the in-series Lamped Parameter
Model (LPM) approximation. An optimization procedure is presented for selecting the
absorber’s parameters to minimize the STL of the panel in the prescribed frequency range. An

indicative realization of the KD-IAM-based mounting system is presented utilizing Belleville
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springs for the negative stiffness element of the KDamper and other common elements, such

as rubber pads and simple linkages.

iv. A novel Dynamic Directional Amplifier, namely the DDA mechanism, is introduced as a means
to artificially increase the resonating mass of an oscillator, with no requirement of complex
geometries and heavy parasitic masses. A simple experimental set-up is presented along with

parametric shaking-table testing results for various DDA angles.

v.  The DDA mechanism is implemented as an inertial amplifier of a phononic lattice. Analysis of
the 2D lattice via Bloch’s theory is performed, and the corresponding dispersion relations are

derived.

vi. A locally resonant metamaterial consisting of resonating masses amplified by a DDA
mechanism is presented. A feasible metabarrier design with enhanced properties is developed
based on the proposed concept, showing that metamaterials can be implemented in real life

applications.

vii. Experimental prototypes of DDA enhanced Phononic and locally resonant metamaterials
are designed, built and tested providing a validation of the proposed vibration absorption

and low-frequency noise mitigation concept.

1.4 Outline of the Dissertation & List of Publications

This doctoral dissertation is organized in 10 chapters that are subsequently divided in sub-sections and
4 appendices. The structure of each section comprises the background and respective literature
review of the research field, the problem statement, the proposed configurations and mechanisms,
the representative analytical, numerical examples and experimental testing, and finally the obtained
concluding remarks. In the final chapter, the main conclusions drawn in this dissertation are
summarized while directions for further research are proposed. The appendices include information
necessary to understand the content of the main chapters of the dissertation. A short summary of the

information provided in each chapter is presented below.

Chapter 2: In this chapter, the theoretical background of the acoustic theory and modelling
methodologies are presented and subsequently implemented in the proposed advanced absorbers
and metamaterial designs. Initially, the mathematical formulation of the Impedance approach
introduced by Kim (2010) is described. This approach is adopted as a basis of the more accurate “in
series” LPM approximation, introduced in this research work. The theory concludes to the inclusion of

“soft mounts” to enhance the noise attenuation properties of panels. In this case, the total stiffness of
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the mounts is lower than the generalized stiffness of the simply supported panel. When the panel is
supported regionally on soft elastic mounts, the values of the eigenfrequencies of the structure are
reduced. Consequently, the fundamental eigenfrequency can be explicitly defined and shifted outside
the frequency range of interest. Analytical models are developed and indicate adequate agreement
with the respective FE model, showcasing that they can be used as a quick design tool for acoustic

panels.

Chapter 3: Herein, the KDamper vibration control mechanism is presented along with its analytical
framework. The proposed mechanism is designed and implemented in acoustic panels and
metamaterial assemblies as a means to enhance the vibration control and noise attenuation
properties of a system and achieve mitigation in the low-frequency range. A simple to realize inertial
amplification mechanism (IAM) system is subsequently presented to enhance the vibration mitigation
performance of the classic KDamper. By coupling the IAM system with the classic KDamper, a new
inerter equivalent absorber is introduced, namely the KD-IAM. The theory of KDamper is thus

extended to investigate the dynamic properties of the coupled mechanism.

Chapter 4: A design of an acoustic isolation/absorption concept that targets the low-frequencies is
proposed herein in the form of a panel mounted on bearings, based on the KD-IAM concept. The
proposed idea leads to an improved dynamic behaviour of the panel that is predominant in the STL
curve around the resonant frequency. This coupled absorber is applied in a novel mounting system for
flexible acoustic panels, resulting in a wide and deep frequency band of improved vibration and noise
attenuation. The methodology employed in this work is based on a lumped parameter model (LPM)
utilizing a first mode approximation for the STL of a simply supported panel, and an optimization
procedure is formulated for the selection of the KD parameters. The theoretical framework has been
expanded for improved modelling of the fluid—structure interaction of the panel and subsequent
representation in terms of a dynamic system with discrete degrees of freedom (DoFs). An indicative
implementation for an initial case study of a stiffened panel is demonstrated along with a conceptual
design and realization of the KD-IAM mounts. This case study of a simplified, more stripped-down
application aims to demonstrate the capability of this advanced negative stiffness absorber in the area
of low-frequency noise mitigation. Finally, the analytical framework is verified by employing a more

detailed 3D numerical model to estimate the corresponding STL.

Chapter 5: In this chapter, metamaterial designs based on the KDamper-IAM concept are presented.
The major limitations of conventional linear metamaterials, such as the limited frequency band of the
attenuation zone can be overcome by adopting an advanced unit-cell design that includes inertial

amplification mechanisms such as the proposed IAM and KDamper concept. Initially, the KDamper-
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based metamaterial designs are presented along with their detailed analytical framework. The
concept is subsequently enhanced by developing an inertial amplification system (IAM) supplementary
to the initial mechanism; such addition allows for further improvement of the dynamic behavior of the
structure. The proposed designs target the development of metamaterial-based noise barriers. Initial
conceptual implementations are proposed herein, and the presented mechanisms are evaluated using

both analytical and numerical analyses.

Chapter 6: In Chapter 6, a novel Dynamic Directional Amplifier, namely the DDA mechanism, is
introduced as a means to artificially increase the resonating mass of an oscillator, with no requirement
of complex geometries and heavy parasitic masses. The mechanism’s rationale lies in the dynamics of
a system that is subjected to a holonomic constrain; the vibrating mass is fixed to a simple rigid link
that increases inertia towards the desired direction of motion by coupling the kinematic DoFs of the
resonating mass and forcing the oscillator to move through a prescribed circumferential path. An
analytical framework is developed, and analysis is undertaken to identify the beneficial effects of the
DDA to the dynamic response of the system (transfer functions). Finally, a simple experimental set-up
of a mass-stiffness-DDA model is presented along with parametric shaking-table testing for various
DDA angles. The mechanism will be subsequently introduced to phononic and acoustic metamaterials

in order to enhance their vibration attenuation properties (chapter 7 & 8).

Chapter 7: The DDA mechanism that was analytically and experimentally tested in Chapter 6 of the
dissertation, is included within a two-dimensional (2D) phononic metamaterial. This amplifier is
designed to present the same mass and use the same damping element as an initial reference
phononic metamaterial. Hence, no increase in the structure mass or the viscous damping is needed.
Analysis of the 2D lattice via Bloch’s theory is performed, and the corresponding dispersion relations
are derived. The numerical results of an indicative case study show significant improvements and
advantages over the conventional phononic structure, such as broader bandgaps and increased
damping ratio. Finally, a conceptual design is provided highlighting the applicability of the concept in
potential mechanical systems, such as mechanical filters, sound and vibration isolators, and acoustic

waveguides.

Chapter 8: In this chapter, the dynamic directional amplifier (DDA) is introduced as a means to
increase the resonating mass of an LRM structure artificially, without the need of complex geometries
and additional mass. The amplification is achieved with a rigid link that improves inertia and damping
on the desired direction of motion, by simply coupling the kinematic DoFs of the internal resonating
mass. The main aim of this study is to illustrate, via the use of a formal mathematical framework, that

the performance of LR structures can be enhanced while retaining or even improving the practical
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constraints such as having compact, lightweight, and buildable unit-cells. Towards this goal, a mass-in-
mass model is adopted, and a preliminary parametric analysis is performed using both Bloch's theory
on two-dimensional infinite lattices and conventional vibration theory on finite lattices. A numerical
example is studied as a seismic mitigation application in order to highlight the advantages of the
proposed arrangement over the initial study. To this end, a conceptual design of a seismic
metamaterial in the form of a metabarrier is proposed and an investigation of its response under

seismic excitation is analysed.

Chapter 9: In this chapter, the DDA enhanced Phononic and Locally Resonant metamaterial
configurations introduced in chapters 7 and 8 are experimentally studied. In particular, the
metamaterial models are constructed using LEGO® components and are tested under dynamic
loading. The aim of this study is to validate the analytical and numerical models developed in the
previous chapters, highlight the extraordinary properties of the proposed structures and to illustrate

that realistic full-scale designs are feasible.

Chapter 10: The main conclusions drawn in this dissertation are summarized and the key advantages
and novelties of the proposed vibration control and noise attenuation concepts are highlighted. In

addition, directions for further research are suggested.

It is worth mentioning that the outcome of the conducted research activity presented in this Doctoral
dissertation has been published in international journals, in national and international conferences, in

workshops and exhibitions and fairs, as presented in the following section.
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2 MODELLING OF LOW-FREQUENCY SOUND
TRANSMISSION LOSS OF MOUNTED PANELS

2.1 Background

Noise in the low-frequency range has been overlooked in the past when considering sound mitigation
applications and currently, the research community lacks understanding of the processes and modelling
methods governing the sound transfer in this frequency domain. Almost exclusively, the focus is on the
region of the coincidence frequency of finite partitions. The lack of complete industrial standardization
and guidance for such cases, especially below 100 Hz is also a factor. Yet, a large research program was
conducted by NGI (the Norwegian Geotechnical Institute) between 2010-2016 on the low-frequency
sound transmission in buildings, comprising of laboratory, full scale and numerical testing (Norén-
Cosgriff et al., 2016). The disseminating research findings of the program were very insightful, although
there are still uncharted areas in this field. When it comes to acoustic treatment in rooms there are a
lot of misconceptions among the general public. Full scale tests reveal that when noise transmission
occurs inside a building, the peaks of the low-frequency sound spectrum are of the same order as the
fundamental acoustic room-modes (Lgvholt et al., 2011), leading to a collection of resonances, which
compromise the measurements. International standards provide procedures that extend the
measurement range down to the 50 Hz one-third octave band (/SO 10140, n.d., ISO 15186, n.d., ISO 717,
n.d.). Prescriptions include the use of specific source and receiver positions; however, the procedure is
complex, with the worst-case scenario to propose the use of a sufficiently large number of source-
receiver combinations as a means to smooth the large spatial variations in measured levels. Moreover,

regarding the laboratory geometry, large rooms with volumes V > 200m? and specific room size ratios
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are suggested when low frequency measurements are conducted. Recently, Ayr et al. (2017) presented
a detailed low-frequency qualification procedure for a typical reverberant test room in order to perform
sound power measurements, by taking advantage of a room finite element model. Similarly, Lgvholt et
al. (2017) developed a finite element methodology that incorporates a two-way coupled fluid-structure
interaction and they compared their numerical results with experimental measurements including low-
frequency sound transmission of plain walls, and walls with windows. Aretz M. and Vorlander M. (2010)
also worked on room to room acoustic simulations, focusing on the room boundary conditions and the

uncertainties of the computational models.

As far as analytical methods are concerned, acoustic radiation from plates has long been an important
subject in structural dynamics and acoustics, thus, numerous mathematical models describing the
structural response to noise, acoustic fatigue, and sound transmission of partitions have been
developed. Aiming to develop a concrete theoretical framework assessing the effectiveness of these
solutions, researchers developed mathematical models describing the structural response to noise,
acoustic fatigue, and sound transmission of partitions. Even though sound transmission has been
investigated since the early 20" century, there still remain open questions. Beranek L. and Ver I. (1992),
Cremer et al. (2005), Ordubadi and Lyon (1979), and London (1950) derived equations for the
unbounded/infinite partitions (“infinite-panel theory”), hence simplifying the problem. Later, ad hoc
corrections were added to enhance the accuracy of the Sound Transmission Loss (STL) formulas. As far
as high frequency noise mitigation is concerned, although the infinite panel theory can approximate
pretty accurately the panel response, it is known that bounded plates vibrating at frequencies below
the critical frequency are very much influenced by the presence of their boundaries (Callister et al,,
1999; Pellicier and Trompette, 2007). Similarly, Kim (2010) approached the sound transmission through
a flat wall from the standpoint of impedance mismatch, due to the different media via which the sound
waves are propagated. He applied the same laws in the case of a partition assuming a limp wall (a wall
that has only mass). In other words, the mass effect is dominant compared to the stiffness or internal
damping. Despite the merits of the aforementioned approaches, the modal response of the structure
in the low-frequency range, significantly affects its noise transmission properties. The inability of the
infinite panel theory to predict accurately the panel’s performance, led to the development of analytical
theories for finite plates mounted in an infinite rigid baffle, using modal superposition (Lee and |h, 2004;
Takahashi, 1995; Wang, 2015). In the 1960s and 1970s, Maidanik (1966) first proposed a model for the
radiation efficiency of a baffled plate assuming broadband excitation and multi-mode response.
Similarly, Wallace (1972) used the Rayleigh integral to calculate the radiation efficiency of simply
supported plates for individual vibration modes. Later, Leppington (1987) proposed an improvement of

Maidanik’s model, especially for the result near the critical frequency, and Roussos (1985) solved
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analytically the radiation problem of a simply supported plate. Putra (2010) extended Wallace’s (1972)
asymptotic solution for simply supported boundary conditions to guided boundary conditions. However,
despite all the efforts towards analytically expressing the acoustic performance of flexible structures,
solutions exist only for simple plates with common boundary conditions, where mode shapes can be
expressed in analytical form. Aiming to understand the importance of the mounting conditions on the
panel’s dynamic response, other technigues have been developed to solve the problem of general
elastic supports (Ou, 2015). An example is the Rayleigh-Ritz method (Du et al., 2012; Li et al., 2009;
Zhang and Li, 2010), where rotational and translational springs can be placed along the edges or nodes
of the panel. Nowadays, numerical methods based on FEM and BEM can be employed to solve the vibro-
acoustic problem, modelling in this way complex geometries and mounting conditions (Ang et al., 2017;
den Wyngaert et al., 2018; Jung et al., 2017; Lgvholt et al., 2017). However, building a 3D structural-

acoustic interaction model can be an onerous, time-consuming task with increased computational cost.

The idea of utilizing “soft mounts” to reduce the fundamental frequency of the system delves into the
investigation of what constitutes soft mounting. Intuitively, following the general concepts of vibration
isolation for the reduction of the eigenfrequency through the reduction of stiffness, supporting an
existing panel on elastic mounts, the “mass law” behaviour may be dragged into lower frequencies and
the resonant region of the new system panel-mount will be moved below a critical frequency; for

example, around 20 Hz, considering the threshold of human hearing.

The aim of this chapter is to present a simple, analytical, method, namely the “In series LPM
approximation”, for the STL estimation of mounted panels. The advantage of the proposed method
compared to the Rayleigh-Ritz or any other exact solution is that any boundary conditions can be
modelled without the use of complex mathematical formulations or sophisticated numerical models. Of
course, the trade-off is the reduced accuracy of the model, as only the first mode of the panel is
considered. Yet, as we will subsequently observe, the proposed method can capture the fundamental
properties of the vibrating panel, especially when compared to the KIM’s (2010) Impedance approach.
Additionally, the effects of elastic mounts in the STL performance are investigated by considering a
relevant case of single-leaf plasterboard partitions; investigation showcases that uncertainties due to
practical factors can be diminished by adopting this approach. The analysis is conducted via both simple
mathematical models and a coupled finite element vibro-acoustic model where the room-to-room
sound transmission is described based on the laboratory set-up in SINTEF Building laboratory in Oslo,

Norway (Lgvholt et al., 2017)
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2.2  Analytical formulation of Sound Transmission Loss of a Panel

In this section the theory of Sound Transmission Loss (STL) through a single panel is briefly presented.
There are several methods to simulate the propagation of sound in the presence of obstacles and derive
the consequent STL (Kim, 2010; Moore and Lyon, 1991; Zhang and Sheng, 2018). Herein, an impedance-
based approach as well as a more sophisticated approach, namely the “In series approximation”, are
presented and adopted for analysis in order to capture the fundamental physics of the sound

transmission problem.

2.2.1 Impedance approach

This approach considers the sound propagation through a single, infinite, rectangular thin plate, simply
supported (hinged) in an infinite, rigid baffle. Transmission loss of sound occurs when there is an
impedance mismatch between the propagation media of the traveling sound waves, thus sound is
reflected and/or absorbed. Direct sound transmission through thin panels depends on the mass,
stiffness and damping of the system plate-support. Figure 1-1 of the previous chapter shows a typical

form of the STL curve for sound propagation through a thin plate (Cowan, 2013).

This curve presents five distinct regions in corresponding frequency ranges, depending on the

properties of the system.

Stiffness Controlled Region: This region concerns the low-frequencies, namely frequencies lower than
the fundamental natural frequency of the system. The STL curve in this region, is primarily dependent
on the elastic stiffness of the panel mounting (panel bending stiffness). In general, STL presents

approximately a 6 dB decrease per octave in this region.

Resonance Controlled Region: The transmission behaviour of the panel in this region is related to the
natural frequency of the system which depends on the dimensions of the panel and the speed of sound
in the panel’s material. In this frequency region, the first major STL reduction of the finite panel is
observed. In more detail, the resonant frequencies of an isotropic, rectangular plate may be calculated

as follows:

Eh?
fo= : (2-)
271, N 12p(L-v7)

where p is the volumetric density, E the Young’s Modulus and v the Poisson’s Ratio of the plate. For

a simply supported plate, the parameter 4, is calculated as 4, =71+ B%), where B = I, 71, is the
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ratio of the width and height | and | . For a plate with clamped edges in a frame, then

y:

A, = B*(89.38+36.782 —5.275°).

Mass Controlled region — Mass Law: In a general case, as in Figure 2-1 (a), the STL is investigated via the

assumption of a propagating plane wave between two different media. The impedance mismatch comes
from the difference of impedance that the propagation medium of the incident waves ZO, has to the
propagation medium of the transmitted waves Z~1. In order to quantify the consequences of this

mismatch, the transmission coefficient 7 is introduced. This coefficient is defined as the ratio between
the complex amplitude of the transmitted sound pressure to the complex amplitude of the incident

sound pressure:

Pioro2 b (2-2)
B

Figure 2-1 (b) illustrates a wall, a rigid flat surface that consists only of mass, oscillating in an infinite
rigid baffle with air on both sides, subjected to normal incident plane waves p; = f)ej(“’tf""z). This

particular case is referred to as the “limp wall” assumption and the resulting frequency response of the

STLis known as the “mass law”.

(@)  Medium 0:Zo=pocy | -Medium: I:Zsi=pir .- (®) Medium 0: Zo=poco §§ Medium 0: Zo=poco

Incident Wave i : : Incident Wave
—— 0D _ .
pi i1 Transmitted Wave:: : pi Transmitted Wave
: " — g o
P : Pt
br i Db
Reflected Wave Reflected Wave y = Yelt" (displacemen
L b'q
P, Limp Wall
X (mass/unit area)

Figure 2-1: (a) Wave propagation in the presence of impedance mismatch (b) Limp wall assumption.

For frequencies higher than the natural frequency f;, the STL is controlled by the mass per unit area of

the panel. This corresponds to an increase of 6 dB per octave in STL. Specifically, for a thin panel,

neglecting stiffness and damping (limp wall), the STL is calculated as:

w’m’
STL=10lo B
g{4(,0000)2 /cosze} 23)
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where @ is the angle of incidence of the propagated sound waves, ¢, is the speed of sound in air, p,

the air density, and m (kg/m?) is the mass per unit area of the panel. In the case of normal incident

waves, then 8 =0.

Coincidence Controlled region: A second major reduction of STL is observed in this region which comes
from the coincidence of incident sound waves and bending waves in the panel. When the trace
wavelength, namely the component of the incident wavelength parallel to the panel's surface, becomes
equal to the free flexural wavelength of the panel, the incident wave speed is also equal to the bending

wave speed in the panel. The coincidence frequency is calculated as:

- c lep(l—vz) (2-4)
2rzh E

Now, as illustrated in Figure 2-2, assuming that the same laws apply in case of a partition, then by

applying pressure and velocity continuity conditions at the interface of air and plate, the transmission

coefficient comes as:

o 2Z,
—j(@m—k / @)+ (2Z, +¢)

(2-5)
The imaginary part in the denominator of Eq. (2-5) indicates that the mass contribution @wm and the
spring contribution —k / @ have a phase difference of 180°, while the term 220 indicates the radiation
at both sides of the wall. The transmission coefficient can also be written as:

- (2-6)

where Zp =—j(wm+ jc—k/®) is the partition (mechanical) impedance, and Z, =2Z,is the fluid

loading impedance in both directions (Kim, 2010).
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Figure 2-2: Wave propagation at a partition.

For the calculation of the Sound Transmission Loss (STL) in the case of a thin plate, using the single DoF
model, the expression of the mechanical impedance Zp can be rearranged to include the transfer
function of the displacement (Paradeisiotis, 2019), namely:

‘—l

_ -1 ‘fXF (2-7)

P jo A

where Ais the surface of the plate subjected to the excitation. Therefore, the STL is calculated as

follows:

2

STL =10log,, |i (dB) (2-8)
T

2.2.2 Vibrating plate approximations

2.2.2.1 Sound radiation from a rectangular panel in an infinite rigid baffle

The fluid domain is assumed homogeneous and compressible. The mass density of air and sound speed
are noted as p,andc,, respectively. The infinitely large acoustic rigid baffle divides the space into two
domains i.e., the excitation domain V~and the receiver domainV*. The panel is subjected to the
incident pressure p,, with incidence angle 6, and azimuth angle ¢, . Therefore, the excitation domain
consists of the incident pressure p;, the reflected pressure p,, and the re-radiated pressure p,4 due

to the motion of the finite panel.
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transmitted

P,

<

infinite rigid baffle \

Figure 2-3: (a) Wave propagation in the presence of impedance mismatch (b) Limp wall assumption.

The receiver domain consists only of the transmitted pressure p,, namely the radiated pressure due to

the motion of the panel p,,, . Assuming that the incident sound pressure p, is a harmonic function, we

may derive the following expression:

Pi(x, ¥, 2, 1) =Re’ el = p(x, y, 2)e! (2-9)
where P, (X, y, z) the time invariable complex amplitude and x =/ ¢, is the wavenumber with:

K, =Kksin@cosp, kK, =xsindsing, k, = xcosd (2-10)
The reflected pressure by the surface of the panel is then expressed as:

J'(Kxx+ffyy+’<zl)e jot

p.(X, y, 2, t) =Pe =P, (X, y, z)e'” (2-11)

having the opposite direction from the incident wave.

Lord Rayleigh (1896) determined a relationship expressing the radiated (transmitted) pressure in terms

of the structural velocity based on Green’s function:

R | | f

. o . X2 yl2 e—jrrR 8W r, ’ ) )

P s (rt) = p(rt) =10git [ [ &)y (2-12)
2 ot

7|x/2 7|y/2

where R referring to Figure 2-3, is defined as:
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R Ar—r |=(x=&) 2+ (y—17)% + 22 (2-13)

andr :(X, Y, z)is the position vector of a point in the receiver domain while r :(5', 77',0) is the

position vector of the centre of an elemental radiator with surface AS on the panel, having a normal

I I
velocity amplitudeWw= (&', n'). For the local coordinates, it holds that §’:§—EX, 77'=77—Ey.

Following the derivation of the transmitted pressure expression, there are two different ways used to
determine the radiated (transmitted) power. The first method is to integrate the intensity on a
hemisphere in the far-field by enclosing the plate which is followed in this work, while the second one
is to integrate the acoustic intensity over the surface of the vibrating plate. Both approaches require the
knowledge of the distribution of the velocity over the plate, and they assume a weak coupling between

the vibrating structure and the radiated sound field.

Applying the far-field approximation, as described in Appendix A.1, the transmitted intensity 1, is

calculatedas r, = (é', n', 0) is the position vector of the centre of an elemental radiator with surface:

r,0,¢)?
1,(r,0,0) =—| Pr.6.9) | (2-14)
204Gy

Then, the transmitted power I1, is derived by integrating the transmitted intensity on a hemisphere in

the far field which is enclosing the plate as:

2727

M, = [ [1r’sinodode (2-15)
00

while the incident power on the panel is defined as:

:|pi|2 Il, cos@
2,Cy

1.

: (2-16)
2.2.2.2 Vibration of a panel subject to external pressure

With reference to Figure 2-3, the finite-sized flat panel partition is assumed to be rectangular and

baffled, with lengths I, and |, along the x and y axes, respectively. The panel of thickness h, is

considered homogeneous and isotropic and is modelled as a classical thin plate, implying that the effects
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of both the rotary inertia and the transverse shear deformation can be neglected. Hereinafter, the

equation of motion governing the bending vibration of the plate is given by:

D[a“w(f; 1.0 , S WE DY | W, n,t)}r phEWEDY) _
0% o&on o ot (2-17)
=P (&) + P (5,71 + Prag — Prag

where D =I§h3/12(l—v2) is the bending stiffness of the plate, E, h, pand v are the Young’s

modulus, thickness, mass density and Poisson’s ratio of the plate, respectively. W(§, 1, t)is the
instantaneous transverse displacement. In order to account for energy dissipation due to structural

damping, a complex modulus of elasticity is introduced, E = E(l + jn) , where n isthe loss factor. The
right-hand side of Eq. (2-17) must satisfy the velocity continuity at the surface of the panel(z = 0) .In

that case, it holds that p, = p; and since P, = Py =P, the right-hand side becomes as follows:

P& )+ P (&7 + Prag — Prag = 2P, (S 7,1 +2p,(£,17,1) (2-18)

The so-called “blocked pressure” p, =2p; (Kim, 2010), is the pressure when the incident wave meets a

rigid wall.

2.2.2.3 Free Finite Rigid (FFR) panel approximation

Aiming to replace the infinite panel approximation (limp wall) with a more appropriate reference for
finite panels, the free finite rigid (FFR) panel approximation is formulated. In this case, it is assumed that
the panel is rigid consisting only of mass and oscillates freely in an infinite rigid baffle; however, it has
finite dimensions, as demonstrated in Figure 2-4. Since the panel is considered rigid, the spatial

derivatives of Eq. (2-17) are eliminated. Also, considering only the blocked pressure p, =2p, as the

forcing pressure, and that p; are incident plane waves, the equation of motion becomes:
phii = 2Pel (2-19)

The forcing pressure is a harmonic function; therefore, the steady-state transverse displacement of the

panel can be expressed as:

w=W(&,7)q(t) (2-20)
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where:
q(t) = Ce (2-21)

For the rigid panel assumption, the shape function is independent of the position (5,77) on the surface

of the panel, namely W (5,77) =1.

| : P (Plane
- o incident
S O
K T A wave
S : —.—
Infinite Qg :% : 8 =¢;=0)
Rigid Baffle o N y
_ .......... »
v e transmitted
Z vpt

Figure 2-4: Coordinate systems of a rectangular plate in a rigid baffle.

Substituting the solution into Eq. (2-19), and solving the equation for C , gives the following:

2P

C.,=— 1 ]
e (2-22)

The transmission coefficient then is calculated as:
2
1(p) 1
TR = (_ — Iy(p (2-23)

where M= ph is the mass density (mass per surface area) of the panel, and 1, is the double integral

over a hemisphere in the receiver domain, as presented in Appendix A.2.

2.2.2.4 Simply supported panel 1°t mode approximation

Analytical solutions of the problem can be derived via modal superposition methods; for example such
methods are formulated by Roussos (1985) and are briefly presented in Appendix A.3. However, in order

to reduce complexity, in these analytical approaches past researchers usually avoid to include the re-
radiated pressure 2p, (f,n,t) (often referred to as “fluid loading”) of Eqg. (2-18) in their calculations .

According to Roussos (1985), neglecting the effect of the re-radiated pressure allows an accurate
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solution over a large frequency range, and gives invalid answers only for frequencies near the panel’s

fundamental resonant frequency.

In this section, since the low-frequency range of interest in the present case is within the range near the
fundamental resonance of the panel, an attempt for a more accurate and practical approximation is
formulated, including the effect of fluid loading. Considering only the 1% vibrational mode of the simply

supported plate, the spatially dependent amplitude of the transverse displacement

w(&,n) = W, (&7,t)e’ isassumed by the shape function:

W, =Clsin(7|z—§}sin[7lz—n} (2-24)
X y

The resulting expression for the transmitted (radiated) power TII, is given by Eq. (A-37). The detailed

analysis is presented in Appendix A.4. Assuming normal incident waves (9, = 0), the incident power is

established as:

P21 I
= (2-25)
2pC,
leading to the transmission coefficient r described as:
2 2
1 (16w po)
T, =— — 1y,
LI, ~ jkr (2-26)

7°rh(w! — 0*) -160° p,

r

where distance I' needs to be large enough to satisfy the far-field approximation and frequency of the

1**mode, resulting from the homogeneous form of Eq. (2-17), as:

4 2
o =2 12+12 (2-27)
ph | 1277

By expressing the dynamic behaviour of the simply supported panel continuous system (approximated
by the 1% mode), as a single degree of freedom (SDoF) lumped parameter model (LPM), the

corresponding generalized mass and stiffness (YANG et al., 2012) are described as:
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. hil, mll
ml = p 4X y = 4)? y :% (2‘28)
k, D7, ( 1.1 T (2-29)
1 = = _2+_2 -
2 |

The transmission coefficient is then calculated as:

40’ p ’ 1
TLpm :ley( i Oj [m;|a)12 —a)2|:|2 Ly, (2-30)

In Figure 2-5, the “red dashed line” represents the FFR panel approximation as given by Eqg. (2-23).
Intuitively, this approximation should constitute the ideal case regarding the STL of a panel with finite
dimensions and may act as a reference curve for various comparisons. This methodology may substitute
the infinite panel approximation, which is invalid in the lower frequency range, examined herein. The
“yellow line” corresponds to the 1% mode approximation of the simply supported panel, while the “blue

line” is the lumped parameter model, as derived from the 1°* mode approximation.

80 ——Lumped Model
----- FFR Panel
70§ —Roussos
SS w/FL 1**mode

) 50 100 150 200 250 300 350 400 450 500
Frequency [Hz]

Figure 2-5: Comparison among Roussos, 1t mode, LPM and rigid approximations.

The difference between the two methods is essentially the effect of fluid loading (FL), whereas in the
latter model, this is not included. It is observed that the fluid loading has very little effect on the damping

of the first resonance. Thus, the elimination of its participation in the respective models is justified and
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is considered as a safe approximation. Lastly, the “Black line” represents the modal superposition
method, as formulated by Roussos (1985). The objective of the simplified models is to provide a more
straightforward and fast prediction of the acoustic performance of the panel along with the ability to
extract intuitive and revealing expressions of the main dynamic parameters that govern its frequency
response. Since the higher modes have significantly lower modal participation factors in the frequency
response than the fundamental mode, they are relatively easily damped. With that thinking, the
approximation using only the 1% mode is considered appropriate in order to study this low-frequency

region, and following, the effect of elastic mounting and damping.

The slight deviation of the STL between the FFR panel and the other three methods when @ >> @, , can

be explained by looking at the amplitude of the steady state solution. From the 1°* mode approximation

without the effect of fluid loading (LPM — Appendix A.5), the following expression is defined:

8RLI, 1 32P 1
Ci=—73 2 N 2 =2 2 (2-31)
7t m(o -0°) x° Mo -o)
which for @ > @, becomes:
32P 1
Ci=—— (2-32)

This is an indication that for this condition the response depends only on the mass density of the panel,
as stated by the “mass law”. However, by comparing this expression with the equivalent for the FFR

panel approximation, we have the following:
Copg =——— (2-33)

The resulting ratio of Eqs. (2-32) and (2-33), in combination with Eqg. (2-24) results in the following
relationship for the velocity amplitudes in the two cases:

| _16

: )
|WFFR| 7[

1.6 (2-34)
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Namely, the maximum velocity amplitude of the 1** mode approximation is higher than the velocity
amplitude of the FFR approximation by a factor =1.6. Then, by considering the mean velocity ‘Wl‘ in

the case of the 1 mode approximation we have the following expression:
— 64, . .
‘wl‘ = ?|WFFR| =0.657 |V/eg | (2-35)

This means that the mean velocity amplitude of the simply supported panel is lower than the amplitude

in the case of the FFR panel assumption. Therefore, the resulting STL is slightly higher.

2.2.3 Inseries Lumped Parameter Model approximation for elastic mounts

The exact theoretical calculation of how the bending stiffness of the panel is combined with the stiffness
of the supporting elastic mounts is a cumbersome and complicated procedure (Du et al., 2012; Zhang
and Li, 2010). The goal is to formulate a streamlined procedure for the investigation of how the bending
stiffness of the panel couples with the mounting stiffness in the case where the panel is supported on
elastic mounts and how the acoustic performance is affected. In order to do that, the main assumption
is that the bending stiffness of the deformable plate is in a way in series with the stiffness of the

mounting. Therefore, the resulting stiffness is:

Kot =& (2-36)
When the mounting is very stiff (K, > k'), leads tok,, = k', namely, the case of the simply supported
plate is approached. When the mounting stiffness tends to zero, the plate is essentially free floating. In
the case that the mounting stiffness k, is of comparative order of magnitude with k*l, there is some
deviation between the resulting eigenfrequency of the model and the actual eigenfrequency. However,
in cases when k, >k’ ork; < k., the deviation is negligible.

Figure 2-6 illustrates the equivalent dynamic SDoF model of the deformable thin panel when it is
supported on elastic mounts, according to the “in-series” assumption. This is achieved by utilizing the
generalized values of the structure, namely generalized mass and the corresponding generalized
stiffness for the appropriate modes, as calculated from Egs. (2-28)-(2-29), for the 1% mode

approximation of the simply supported panel.
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ql(t)t m,*

k,

Figure 2-6: Modelling of a deformable plate on elastic mounts with stiffness k(') .
Since the loss factor (n) can represent more accurately the dynamic response of nonlinear systems

compared to the damping ratio which is defined on the grounds of the linear single degree of freedom
(SDOF) viscous model (Carfagni et al.,, 1998; Koblar and Boltezar, 2013), hysteretic damping is

introduced indirectly considering complex stiffness elements as:

Ky =k, (1+ jn) (2-37)

2
The STL is then calculated as STL =10log,, [EJ , Where the transmission coefficient ¢ comes as:
T

40’ p 1
T:|X|y{ pr OJ — - > |9¢ (2-38)
[o'm + K (1-TF,,)|

And the transfer function TF for the case of simple elastic mounts is TF =0

Thus:

T —m?m”
o'm +Kk,,

2
40’ p, 1
z-el = ley{ 3 Oj | 2 IH(p (2'39)

2.3 3D vibro-acoustic FE model

In addition to the aforementioned analytical methodologies, a 3D FE coupled vibro-acoustic model is
developed on the commercial finite element software package ABAQUS® (Smith, 2009). In the present
simulations, the geometry of the SINTEF laboratory (Lgvholt et al., 2017) is utilized as the computational

domain, as shown in Figure 2-7 (a) and (b).
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It is noted that the laboratory geometry and the measurement procedure do not accurately follow the

ISO standards guidance, however, the developed model can be used for room-to-room sound

Source room, h=3.0m Wall Receiving room, h=3.9m
4.2m Lr:zsd:;z;e e Transmitted
. i i
measurement\{ } 4o pressre
Loudspeaker [ ] measurement
1.0m 1
6.2m
R and
1.0m
8.0m
(@) (b)

(c)
Figure 2-7: (a) Plan view of the sound laboratory setup used in ABAQUS model. (b) Depiction of the vibro-
acoustic model. (c) Positioning of the twelve (12) mounts on the surface of the panel.

transmission predictions. The panelis excited by the source located in the left corner of the source room
and the incidence and radiated acoustic pressure is extracted from the fluid-structure interface nodes.

An arithmetic average is performed as follows:

|| (2-40)

|| (2-41)

where n denotes the total number of measuring nodes; i denotes the node number; p, denotes the
incidence pressure. and p, denotes the transmitted pressure. Then the averaged pressure was used to
compute the simulated STL by the following expression:

P
STL =20log,, |PT| (2-42)
t

Innovative Vibration Absorbers and Metamaterials for Low-Frequency Wave Mitigation



50 Chapter 2

The panel is discretized by 20-node quadratic solid hexahedral elements, while the fluid domain is
discretized by 20-node quadratic acoustic hexahedral elements. Tie constraints are used to simulate the
coupling at the fluid-structure interface, while reflecting boundary conditions are specified to simulate
the room conditions. In cases that the plate is supported on elastic mounts, connectors are installed on
the required locations with the appropriate properties. Lastly, the discretization of the fluid domain has
more than three quadratic elements across the wavelength of interest, aiming to increase the accuracy

of the computational results (Marburg, 2002).

2.4 Numerical Example - Parametric investigation of STL

In this section, the elements that affect the STL of a rectangular plate are investigated, especially in the
case of a single leaf plasterboard partition. Initially, the analytical models proposed in the previous
section are employed. A 0.625 x 1.6m rectangular plasterboard is considered, according to real-life
masonry applications. The width corresponds to the horizontal distance between the upright supporting
beams, hence providing the stable frame of the plasterboard. Typically, the height of such a
plasterboard is around 3.2 m, meaning that it can be covered by two pieces of the considered
dimensions. The selected dimensions correspond also to a frontal surface of 1 m?. The relevant

properties of the plasterboard are summarized in Table 2-1.

Table 2-1: Plasterboard properties.

po [kg/m’] | [m] ly [m] hp [mm] Ep [MPa] v [] 7o []

668 1.2 24 12.5 2900 0.31 0.01

2.4.1 Validation of FE model

Figure 2-8 is presented in conjunction with Figure 2-5. Herein the panel with the simply supports
conditions is examined in terms of STL numerically and is compared with the established analytical
methods. The yellow line corresponds to the 1° mode approximation of the simply supported panel and
the black dashed line represents the modal superposition method, as formulated by Roussos and the
grey line with markers shows the STL as calculated from the finite element model. In general, a good
agreement is observed among the analytical methods and the full numerical model where the geometry

of the SINTEF laboratory is adopted.
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Figure 2-8: Comparison of 1°* mode, rigid approximations and numerical model.

2.4.2 Effect of material properties in STL

As a following step, a parametric investigation for the effect of the rigidity of the panel itself was carried
out for various assumed values of Young’s Modulus E . Plasterboard panels present various
compositions or even different homogeneity in the same product line; therefore a variation of their
rigidity is expected. In addition, fluctuations in temperature or humidity in the environment can affect
the value of the Young’s Modulus. Figure 2-9, illustrates the shifting of the eigenfrequencies of the
panel’s first nine modes, assuming three different values of E . These deviations, of up to 123%, are
representative of the effects of the aforementioned factors. This observation leads to the conclusion
that such variation introduces significant uncertainty concerning the dynamic behaviour of the panel

and consequently its acoustic performance in the low-frequency regime.
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Figure 2-9: Dependence of modal frequencies with the variation of the panel’s Young’s Modulus, E.
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2.4.3 Effect of support conditions in STL

In order to investigate the effects of elastic mounting in the following FE vibro-acoustic simulations,
twelve (12) linear springs were attached to the panel, as presented in Figure 2-7 (c). The resulting STL
frequency response compared to the simply supported and clamped configurations are presented in

Figure 2-10. The total stiffness of the mounting is considered equal to the generalized stiffness of the

simply supported panel (k = k; =1.1x10° [N /m]), while no damping is considered for the mounts.

70

----- FFR Panel

60 1 — Clamped

—Simply Supported

—LPM elastic mounts,k = 1.1 10° [kN/m)]

DO
o
T

'10 = ! 1 1 1 1 1 |
50 100 150 200 250 300
Frequency [Hz|

Figure 2-10: Effect of support conditions in Sound transmission loss (STL).

Following the logic of classic vibration isolation, the eigenfrequency of the panel can be lowered enough
and moved outside the frequency range of interest, e.g., above 20 Hz. However, a significant decrease
of this frequency can have certain implications. On the one hand, it leads to slightly reduced STL
frequency response, while on the other hand, it may present practical problems including excessive
vibration magnitude, possible resonances with other supportive structural elements such as bolts or the
frame, or even inadequate rigidity to undertake impact loads. The optimal solution requires a
combination that leads to a relatively low fundamental eigenfrequency that can be effectively
dampened without the need of excessive damping. At the same time, the fundamental frequency is
required to be high enough, so that the overall STL is not significantly reduced, and no vibrational

implications come into play when the mounting is very soft.

Another purpose of the comparison in Figure 2-10 is to highlight the deviation of the eigenfrequencies
between the simply supported and clamped panels that is derived from the uncertainty introduced by
this fact in real world installations. Depending on the technique of the installation the exact support

conditions may vary in these two cases. However, the inclusion of the soft elastic mounts, eliminates
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this uncertainty as it produces an explicit, calculated frequency response by design. Additionally, the
reduction of the eigenfrequencies alone almost eliminates the participation of the higher modes even
without the consideration of any energy diffusive elements besides the structural damping of the panel

itself which holds for all three cases compared here.

2.4.4 Effect of damping

Further examination considers the effect of damping introduced by the elastic mounts. Assuming the

same stiffness for the mounts as in section 2.4.3 a comparison is presented in Figure 2-11.

80 -
70 -
6OLY | FFR Pancl
—FE, & = 1.1 10°[kN/m],{ = 0.3
501 —FE, k= 1.1 10°[kN/m],{ = 0.7
o —FE, Simply Supported IPanel
240k
=
& 30 “/A
20 = "
10+
oL
| | | | | |
0 a0 100 150 200 250 300

Frequelolcy [Hz]
Figure 2-11: Effect of damping in Sound transmission loss (STL).
The results are meant to demonstrate the expected level of damping in order to effectively damp the
fundamental frequency. As already mentioned, even in cases of low damping, the STL response is
flattened as the higher eigenfrequencies are effectively damped while only the first eigenfrequency
requires significant damping. Whether the actual values of the assumed viscous dampers for high
damping ratios are realistic, is surely a matter of discussion and depends on practical factors such as the

material used for the mounts and spatial considerations of the implementation.

Certainly, the positions of the mounts have a significant role on their damping effectiveness. Especially
in this case of viscous damping, the velocity amplitude is maximum at the centre of the panel and
minimum along the edges, therefore a mount positioned at the centre would most effectively dampen
the fundamental resonance. However, this case would change the dynamic behaviour of the panel and
would also require an additional supporting frame along the middle of the panel, which is something
that is preferably avoided. For these reasons such a modification is not investigated in the current

contribution.
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2.5 Concluding Remarks

In this chapter, the theoretical background of the acoustic theory was presented which will be
subsequently implemented in the proposed advanced absorbers and metamaterial designs. Initially, the
mathematical formulation of the Impedance approach introduced by KIM (2010) was described. This
approach was adopted as a basis of the more accurate “in series” LPM approximation, suggested in this

research work.

The theory concludes to the inclusion of “soft mounts” to enhance the noise attenuation properties of
panels. In this case, the total stiffness of the mounts is lower than the generalized stiffness of the simply
supported panel. When the panel is supported regionally on soft elastic mounts, the values of the

eigenfrequencies of the structure are reduced. This has two main consequences:

e The value of the fundamental eigenfrequency can be explicitly defined, depending on the
stiffnesses of the mounts, and be moved outside the frequency range of interest, namely
below 20 Hz.

e The contribution of the higher modes is almost nullified, without the need of any significant

damping in the mounts.

Therefore, the utilization of soft mounts displaces the STL curve towards lower frequencies, providing a
smooth performance in the entire low-frequency range. Additionally, this practice diminishes any
uncertainties introduced in the acoustic performance either due to practical support conditions or

variations in the rigidity of the panel.

Finally, the analytical models indicated adequate agreement with the developed FE model, showcasing

that they can be used as a quick design tool for acoustic panels.
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3 KDAMPER

3.1 Background

The idea of the KDamper absorber is based on other popular vibration control devices that have been
proposed by researchers many years before. The Tuned Mass Damper (TMD) is one of the most well-
known and well-established approaches to achieve passive vibration control. The concept was initially
applied more than 100 years ago by Frahm (1911) and later optimized by Den Hartog (1956). The idea
consists of an oscillating mass, stiffness and damping elements that are attached to the original
structure, and when tuned accordingly, provide significant vibration attenuation properties. Since its
initial application, the TMD has been implemented in various applications and many forms of
structures. A non-exhaustive list of recent applications includes vibration absorption due to ground
motion and wind loading in bridges, skyscrapers (McNamara, 1977; Qin et al., 2009), and in the bases
of structures (De Domenico and Ricciardi, 2018a; Palazzo et al., 1997; Tsai, 1995). Although the TMD is
considered a reliable vibration control method and its applicability has been widely tested, it presents
disadvantages that are not negligible: (a) the mass requirements are significant compared to the total
mass of the structure, and (b) environmental factors and material behavior uncertainties may lead to
gradual detuning of the system and consequently, to loss of its damping properties and effectiveness

(Weber and Feltrin, 2010).

Aiming to overcome the large mass requirements of the above system, various methodologies have
been proposed to artificially increase the inertial forces. In the early 2000s, Smith et al. (2002)
introduced the inerter, a novel two-terminal element with the property of generating an additional
force that is proportional to the relative acceleration of the two terminals. The proposed configuration

was profitably adopted as a means to increase the damping properties of a Formula One racing car
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suspension system. This innovative mechanism, namely the “J-damper”, was originally introduced by
Chen et al. (2009). Since then, a significant number of applications have adopted the inerter as a
means of vibration control, such as in applications for seismic protection of structures and in

suspensions of railway vehicles (Takewaki et al., 2012; Wang et al., 2012).

In Giaralis & Taflanidis (2018) a modification of the original TMD has been proposed that includes the
addition of an inerter. This device, namely the Tuned Mass Damper Inerter (TMDI), incorporates an
inerter element that is connected to the TMD’s secondary mass; the concept is used to artificially
increase the inertial forces of the damper, without the need to increase the actual mass of the system.
The proposed configuration has been applied as a base absorber and vibration control mechanism in
various research works, and results indicated a significant improvement of the dynamic behavior of
the structure with the TMDI, compared to the systems with equivalent conventional TMD devices (De
Domenico and Ricciardi, 2018b; Lazar et al., 2014; Saitoh, 2012). However, although the
implementation of the inerter appears to substantially advance the attributes of the TMD, the
considered TMDI device has to be precisely tuned to achieve reliable performance. Due to the
complex and elaborate mechanical configurations required for the practical implementation of the

TMDI, this required optimal tuning is hard to be accomplished.

Inspired by the potential of the vibration control systems presented previously, Antoniadis et al.
(2018) have proposed the KDamper, a novel passive vibration absorption concept based on the
optimal combination of appropriate stiffness, mass and damping elements, including a negative
stiffness element. The idea of introducing negative stiffness (NS) elements is to assist movement
instead of opposing it, as is the case of a positive stiffness element (Molyneaux, 1957). The system
combines the beneficial characteristics of the NS and of the traditional TMD, leading to a device that
introduces extraordinary damping properties to the structure. For structural systems, the required NS
may be achieved using conventional pre-compressed springs arranged in appropriate geometry, post-
buckled beams, plates and other pre-stressed mechanical elements (Virgin et al., 2008; Winterflood et
al., 2002). Antoniadis & Paradeisiotis (2018), developed NS elements by adopting pre-stressed disc
(Belleville) springs, arranged in appropriate geometrical configurations. By incorporating the additional
NS element, the inertial forces of the damper are increased and the need for large mass is significantly
reduced (K.A. Kapasakalis et al., 2020; Paradeisiotis et al., 2021, 2020). In addition, the proper
allocation of the stiffness — mass elements of the device, leads to a system that is both statically and
dynamically stable; the properties of the KDamper can be designed to maintain the initial/static

stiffness of the structure and hence, avoid potential instabilities. Figure 3-1 presents a schematic
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representation of the mechanisms of the conventional TMD, the TMDI as well as the innovative

concept of the KDamper.

f(t) L Ju&(t) f(t) L Ju_._(t)
m m

k2 l cp k2

§

kg2

f(t) L Jus(t) 1) T_ _Tus(t)
m m

k/2 ky/2

(c) (d)

Figure 3-1: (a) SDoF oscillator (M-C-K), (b) conventional Tuned Mass Damper system (TMD), (c) enhanced TMD
with grounded inerter (TMDI), (d) KDamper concept.

The KDamper vibration control system has been examined for the protection of bridges (Sapountzakis
et al.,, 2017, 2016) wind turbines (Kampitsis et al., 2022; Konstantinos A. Kapasakalis et al., 2021b), as
well as, structural systems (K.A. Kapasakalis et al.,, 2021; Konstantinos A. Kapasakalis et al., 20213,
2020; Mantakas et al., 2022), achieving reduction of the displacement demand at the base level.
Specifically, Kapasakalis et al. (2021), introduced the extended version of the KDamper concept as a
vibration absorber for low-rise buildings; the system was applied supplementary to conventional base
isolation for a typical RC structure. Optimization and subsequent analysis were performed by adopting
a simplified structural model and by assuming linear structural behavior and linear KDamper

components.

In this research work, the KDamper vibration control mechanism is designed and implemented in
acoustic panels and metamaterial assemblies as a means to enhance the vibration control and noise
attenuation properties of a system and achieve mitigation in the low-frequency range. More details of

the proposed configurations are provided in the following sections of this thesis.
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3.2 The KDamper Concept

As described in section 3.1, the KDamper (Figure 3-1 (d) is a novel passive vibration isolation and
damping concept, based essentially on the optimal combination of appropriate stiffness elements. It
incorporates a negative stiffness element, which generates extraordinary damping properties,
avoiding the drawbacks of the traditional linear oscillator, or of the “zero stiffness” designs. This
oscillator is designed to present the same overall (static) stiffness as a traditional reference original
oscillator. However, it differs both from the original SDoF oscillator, as well as from the known
negative stiffness oscillators, by appropriately redistributing the individual stiffness elements and by
reallocating the damping. The KDamper supplements the inertial forces of the added TMD mass with
the stiffness force of the negative stiffness element, while the presence of the additional mass acts as
an energy dissipation mechanism (energy is transferred from the structure to the additional mass),

reducing the adverse effects of the vibrating load.

Several KDamper-based vibration absorption concepts have been proposed, the most prominent of
which are (i) the “classic” KDamper, (ii) “the base excited” KDamper, (iii) the extended version of
KDamper, (iv) the extended KDamper equipped with inerter and (v) the KDamper equipped with an
Inertial Amplification Mechanism. Herein, “the classic” mass and base excited KDamper and the
Extended KDamper concepts are described and an Enhanced KDamper equipped with an Inertial

Amplification Mechanism is introduced as a novel absorber.

3.2.1 “Classic” KDamper (mass excited)

Figure 3-2 presents the fundamental concept of the KDamper. The device overcomes the sensitivity

problems of TMDs as the tuning is mainly controlled by the negative stiffness element’s parameters.

The first basic requirement of the KDamper is that the overall static stiffness of the system is

maintained:

f(t) u,(t)
t " )

k2

Figure 3-2: Schematic presentation of the “classic” KDamper absorber excited at the mass m.
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pkN 2
o =ks 1= == (27 f)* (m+ m;) 3-1)
p N

Thus, the equations of motion of the KDamper excited by a harmonic motion in mass m are:

mis + Ccy(Us —Up) + ksus + Ko (ug —up) = f(t) (3-2)
Moy —Co (U —Uip) + Kyl — ke (U —Up) =0 (3-3)
Assuming a harmonic excitation in the form of:

f(t) = Fe'* = kUe!" (3-4)
and a steady state complex response of:

us (t) :Ljse""’t (3-5)
up (t) :l.]Dej”’t (3-6)

where US,UD denote the response complex amplitude, the equations of motion of the KDamper

become:
—o’mUg + joc, (Ug —U,y) +k, (Us —Up) + kU = f(t) (3-7.a)
—a)ZijD + jch(US _UD)_kP (Us _UD)+kNUD =0 (3-7.b)

A careful examination of Eq. (3-7) reveals that the amplitude F,,; of the inertia force of the additional
mass and the amplitude F, of the negative stiffness force are exactly in phase, owing to the negative

value of k. These forces are calculated as follows:
Fuo = _a)sz |U D| (3-8.a)
F, =k, |UD|30 (3-8.b)

Thus, similarly to the inerter (Smith, 2002), the KDamper essentially becomes an indirect approach to

increase the inertia of the additional mass mg, without however increasing the mass m, itself.
Moreover, it should be noticed that the value of F,,, depends on the frequency, whereas the value of
F, is constant in the entire frequency range. The latter is proved to be of great importance,
specifically in the case of low-frequency vibration isolation applications.

The optimal design of the KDamper parameters follows exactly the corresponding steps as in Den

Hartog (1956). First, the Transfer Function of the KDamper results from equations (3-7). The transfer
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k/2

Figure 3-3: Schematic presentation of the “classic” KDamper absorber excited at its base.

function of the amplitude US of the response u,(t) to the amplitude F of an excitation f(t) forthe

KDamper oscillator, is described as:

T =

UF
-Mmy@® + jac, + K, +K, (3-9)
mmye* — (M +mg)c,0’ — (MK, +Ky ) +Mpks +Mpks)a® +cp (K + Ky )s +Kg (Ko + Ky ) + KoKy,

The transfer function of the dynamic magnification factor can be expressed as:

1
=

Hys = U:T = kOfUF (3-10)

while the transfer function of the of the amplitude Uy, of the response uj (t) to the amplitude Ug; is
given by:

(ja)CD +kp)k0 |_~|
—w’mg + jac, +K,

U, U, ~
Hp=—"2==H, =
uD U, U, us us (3-11)

Subsequently, the basic parameters of the KDamper concept are defined as:

H=mp/m (3-12.a)
Ko =Ky +Kp (3-12.b)
@y =Ko 1My =(ky +k;) 7 m, (3-12.0)
$o =Cp 1 20,my = 1 24/(Ky +kp)mg (3-12.d)
Mg, =Mm+mg, (3-12.f)
fo =k /My, /27 = J(ks +Koky TKs +Ky )/ (M+ M) / 27 (3-12.0)

3.2.2 “Classic” KDamper (Base excited)

Figure 3-3 presents the fundamental concept of the “classic” KDamper excited at its base.
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The equations of motion are:
mls + Cp(Us —Up) + Ksug + Ky (Ug —Up) =—mg (3-13.a)
m

plp —Cp (Us —Up) + KyUp —Kp (Us —Up) =—mpUg (3-13.b)

Assuming a harmonic excitation and steady-state response, the Egs. of motion (3-13) of the KDamper

become:
~o'mU + jac,(Us -Up)+kU + k. (U -U,) =-mUg (3-14.a)
_a)szUD - jac, (Us _UD) + kNUD —kp (Us _UD) =_mDU.G (3-14.b)

The Transfer Functions of the KDamper system finally result:

Iﬁus = qS/UG _ g™ 3-15
Hy | |U, /U, m, (3-15.3)

H, =Ug /U =1-0’H (3-15.b)

l:lAD :UD /UG :l_a)zl:lUD (3-15.c)

< | —o'm+ joc, +k, +K —jarx, — kK,

H= ) ) . (3-15.d)
—Jjac, — Ko "My + joc, + K +K,

The following non-dimensional parameters that concern the KDamper are introduced:

g=mg /m (3-16.a)
k, =k, +ko (3-16.b)
@p =+Jkp I My =[(ky +kp)/ my, (3-16.c)
Sp =Cp [ 20p,my =¢ 1 24/(ky +Kp)Mg (3-16.d)
My, =M+ My (3-16.f)
fo = kT My, /27 = J(ks + KoKy T Kp +Ky)/ (M+M) / 27 (3-16.0)

3.2.3 Extended KDamper (Base excited)

The proposed vibration absorption concept is an extension of the KDamper referred to herein as the
EKD system, illustrated in Figure 3-4. In a similar way to the KDamper, the EKD incorporates a system

of masses, negative stiffness and positive stiffness elements as well as artificial dampers. The main
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variation would be the change of the system configuration where the positive stiffness spring (k)
connects the damper mass (m, ) to the base of the system while the negative stiffness element (k, ),
is attached between the damper mass (mg ) and the mass of the oscillator (m). Also, an additional

artificial damper is adopted and placed in parallel with the negative stiffness element so that we end

up having two dampers, namely ¢, andc, .

The following equations of motion for the EKD are derived:
MU + Cys (Us —Up ) + Ky (Us —Ug )+KsUg =—mUig (3-17.a)
MpUp —Cy (Us —Up) —Kys (Us —Up) + KpsUp + CogUp = —Mp U (3-17.b)

Assuming a harmonic excitation and steady-state responses, the equations of motion (3-17) of the

EKD become:
~o0'mUg + jac, (Us —Up) +ky (Ug —Up) + kUg =-mUg (3-18.a)

_a)szUD — jaCys (Us _UD)_ Kys (Us _UD) + kPSUD + ja)CpSUD :_mDU.G (3-18.b)

k2

§

Figure 3-4: Schematic presentation of the Extended KDamper (EKD) absorber excited at its base.

And the Transfer Functions of the KDamper system finally result:

Iﬁus = qS/UG g M 3-19
Hy | U, /U, My (3-19)

H, =Ug /U =1-0’H (3-20)

|:|AD :UD /UG :l_a)zl:lUD (3-21)

< | —@’M+ jocy, + Ky +K — jarc,s —Kys

H= _ , _ (3-22)
—JCys —Kys —@"My + Ja(Cys + Cpg ) + Kpg + Kys
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This is an extended version of the classic KDamper concept. The purpose of this configuration is to
retain the displacements and velocities within reasonable limits and display a realistic and efficient

design.

The following non-dimensional parameters that concern the EKD are introduced:

p=my/m (3-23.3)
Kp = Kys +Kps (3-23.b)
@5 =Ko /My = (ks +Keps) /My, (3-23.0)
Sns =Cns 1 200,Mp = Cys 1 24/ (Kys + Kps )M, (3-23.d)
Crs =Cps / 200,Mp, = Cps 1 24/ (Kys +Kps )My, (3-23.¢)
My =M+ My (3-23.f)
fo =K/ mg, /27r=\/(kS +KosKys / Kps + Ky )/ (M+my) /27 (3-23.g)

where u is the mass ratio of the additional mass of the EKD, £ and s are the damping ratios of

the artificial dampers ¢, and ¢, respectively, and f, is the EKD nominal frequency.

3.2.4 Enhanced KDamper with Inertial amplifier (KD-IAM) Concept

In this work the simple to realize inertial amplification mechanism (IAM) system is presented to
enhance the vibration mitigation performance of the classic K-Damper. Compared to the widely
known flywheel-gear inerter (Smith, 2002), the mass amplification effect of the IAM system is a result
of the geometrical amplification effect of a triangular shape mechanical system. This amplification
mechanism is very common in nature (Feng et al., 2019; Feng and Jing, 2019; Wang and lJing, 2019)
and has been exploited to enhance the performance of other mechanical systems, such as the TMD
(Cheng et al., 2020). Here, by coupling the IAM system with the classic KDamper we introduce a new
inerter equivalent KDamper, namely the KD-IAM, which is proposed to enhance the performance of
traditional KDampers. In particular, the addition of the IAM allows to suppress the responses of both
the primary structure and the absorber. The theory of classic KDamper is thus extended to investigate

the dynamic properties of the coupled mechanism.

Figure 3-5 (a) shows the KDamper with the inclusion of the inertial amplifier (IAM), where m; is the

connecting mass, which is assumed to be negligible in order to act just as a connector, namely, an
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additional DoF. Figure 3-5 (b) shows an equivalent model to Figure 3-5 (a); the effective mass of the

IAM configuration is superimposed to the connecting mass m; and is in total denoted as mj .

(2) ()

Figure 3-5: Schematic presentation of the KDamper-Inertial Amplification (KD-IAM) absorber. (a) KD-IAM model
mount. (b) Equivalent KD-IAM model considering the IAM’s effective mass.

The effective mass of the IAM is calculated according to Cheng et. al (2020) as
mg =m, (cot’0 +1) (3-24)

And the theoretical derivation can be found in Appendix B. The equations of motion resulting from

the model illustrated in Figure 3-5 (b) are
m, (cot?@ +1)ls + Co(Us —Up) + sl + Ko (Us —Up) = F (1) (3-25.a)
Myl —Cp (Ug —Up) + KyUp —Kp (Ug —Up) =0 (3-25.b)

The transfer function of the amplitude US of the response u,(t) to the amplitude F of an excitation

f (t) for the KD-IAM, comes as

T:

UF
-my@® + jac, + K, +Ky (3-26)
mgMp@* — (M +my)cy@® — (MK, +Ky ) +mMpkg +mpky )@ + ¢, (kg + Ky )s + K (Kp + Ky ) +KqKy,

The rest of the transfer functions can be estimated according to the “classic” KDamper formulas given

in Egs. (3-10) - (3-11).

3.3 Traditional Optimal design approach for the selection of the KDamper
parameters

Regarding the optimal design of the KDamper, numerous approaches could be followed, as found in
the literature for the optimal design of other passive vibration absorption concepts (TMDs, QZS, NS

designs, TMDIs, etc.). In this chapter, the optimal design approach for the selection of the KDamper
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parameters follows the steps of the classic minmax ( Hoo ) procedure, proposed by Den Hartog (1956).
The KDamper initial adaptation to the minmax ( Hoo) procedure was implemented by Antoniadis et al.
(2016), while minor modifications have been applied afterwards to fit the application specific
requirements. In this chapter, the initial design approach is briefly discussed, while any proposed

alterations are outlined in the following chapters.

The minmax approach minimizes a specific Transfer Function for a harmonic excitation, which in this
case, is a base acceleration excitation. The free design variables of the system are the additional mass

ratio g=my/m and the stiffness ratio x=-k, /(k, +ky), Considering the selection of ¢,

numerous approaches are possible, the detailed treatment of which is beyond the scope of the

dissertation. A straightforward approach is to calculate ¢, numerically, so that it minimizes the peak
of the selected Transfer Function (q,{}, ). The parameter p =@, / @ is calculated with respect to the
Transfer Function selected for optimization. Once the values of the four parameters u, x, {yand p

are determined and after some algebraic manipulations the values of the KDamper elements, can be

finally obtained from the following relations:

k
K =k—5=1+ k(1+ K) up? (3-27)
0
k
Ky = k—P =1+ &) up* (3-28)
0
k
Ky = k_N = Kkup’ (3-29)
0

leading to the calculation of the stiffness elements (kg,k;,k, ) of the oscillator. Furthermore, kg is

defined as k, =k, +Ky , thus, for a specific damping ratio ¢, the damping constant is calculated as:

Cob = 28p4/ koMp (3-30)

Inserting the non-dimensional parameters of the KDamper u,p,xand ¢, along with the ratio

q=w/ @,, the resulting transfer functions can be expressed as:

qo_YUs _A+j24B

Uy C+j2¢g,D (3-31)
g Yo _E+ij2gB

P U, A+j26,B (3-32)
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g _YUo _E+i2sB

© Uy C+j2g,D 33
and their respective magnitudes:
- Y| AP+ (joc,)?R?
‘us\J ‘=\/2 PR (3-34)
U, \C?+(j2£,)°D
~ ] E?+(j2¢,)*B?
Huso| =571 = =2 3-35
‘ USD‘ US \/A2+(12§D)ZBZ ( )
i Yo| _[Uo] || \/E2+(12§D)ZBZ
= == = - 3-36
U 04 Us NCP+(i2¢,)°D (336
Where
A= p? — (3-37.2)
B = pq (3-57.b)
C=q'-¢’ [1+ pl+(A+ K)zﬂpz]ﬂ?z (3-57.c)
D=PQ[(1+K2ﬂP2)—q2(1+ﬂ)} (3-57.d)
E=(1+x)p’ (3-57.)

By all means, these parameters correspond to the “classic” KDamper formulation, in the case that the
selected transfer function for minimization is the magnification factor while equivalent formulations

can be easily derived for the rest of the KDamper cases, described in section 3.2.

Examination of the factor H(q,<},)) for the limit cases of the damping ratio, reveals that:

A B
H(¢p —>0)=H, H(Sp —>°0)=‘5‘ (3-38)

The optimal value of p where the transfer function of the amplitude of the displacement u,(t) with

regard to the excitation amplitude is minimized at a selected frequency, is defined as:

1
Pon _\/(1+,U+’<,U)(1+ H)— K (3-39)
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The equation is defined in terms of the parameters x4 and x . The optimization procedure forp is
described in detail in Antoniadis et al. (2016). By setting the denominator of Pox €qual to zero, the

maximum value of x is determined as:

_ @+ )+ J1+41 1)
2

(3-40)

max

In addition, in order to ensure the static stability of the system, variations of the k, should be

considered. These variations take place due to temperature fluctuations, manufacturing tolerances or
nonlinear behavior, since almost all negative stiffness designs are derived from unstable nonlinear

systems. Consequently, an increase of the absolute value of k, by a factor ¢ may lead to a new value

of k,, where the structure becomes unstable. The static stability margin ¢ is estimated as:

1
|1+ (14 x) p? | (3-41)

E =

Therefore, the value of x is selected as a fraction of x

max /

namely x=(0:1)x,,, . The oscillator
presents better vibration absorption capabilities when x — k., but at the same time needs to be

considered that for x >«

max /

the static stability margin of the oscillator & — 0, because the overall

static stiffness k, of the system becomes negative (Paradeisiotis, 2019).

3.4 Experimental Proof of Concept

This section briefly presents the design of the Extended KDamper (EKD) experimental prototype
(Mantakas et al., 2023; KamoaocakdAng et al.,, 2022), which serves as a proof of concept. The

experimental setup is depicted in Figure 3-6 (a).

In order for the EKD to be effective, high values of NS are required. The only feasible option regarding
the realization of the NS elements in such applications is with elastic forces. Among others, special
mechanical designs involving conventional positive stiffness prestressed elastic mechanical elements,
such as post-buckled beams, plates, shells, and pre-compressed springs, arranged in appropriate
geometrical configurations can generate controlled NS with the desired magnitude. In this work, the
mechanism proposed by Kapasakalis et al. (2021) is adopted; the schematic presentation of this
configuration is presented in Figure 3-6 (b). Here, the negative stiffness element is realized by a
prestressed prismatic spring and a rigid link (steel) that connects the internal mass (mp) to the

oscillating mass (m) of the EKD through hinged connections (ball bearings).

Innovative Vibration Absorbers and Metamaterials for Low-Frequency Wave Mitigation



70 Chapter 3

The following expressions can be derived for the potential energy U, the nonlinear force N, and the

equivalent nonlinear stiffness ky of this mechanism:

1

U (uys) =§kc(|H —ly )2 (3-42)

l,—d

N(uNS)=—aU =K |1+ —Z—|Uys (3-43)

auNs a —Uyg
I, —d)/a

KN(UNS):_GN =k, 1+—( wi—d) (3-44)

OUys 3 (1_U§|s /az)

Where a is the undeformed height of the NS device, d the length of the lever arm, 1, the length of
the undeformed conventional spring, and k_ the spring stiffness. The negative stiffness configuration

is schematically presented in Figure 3-6 (b) and the parameters of the NS mechanism are presented in

detail in Table 3-1.

°
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Initial Deformed

(a) (b)
Figure 3-6: (a) View of the EKD prototype. (b) Conceptual configuration of the NS element.
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Table 3-1: Negative stiffness (NS) mechanism set up parameters.

k[KN/m] a[m] Ik [m] d [m] Fns

4100 0.146 0.1 0.203 73.8

The oscillating mass (m ) is constructed by a steel plate with dimensions 0.25x0.15x0.01, the internal

mass of the damper (m, ) by a steel plate with dimensions 0.1x0.5x0.015 and the positive stiffness
elements k,and k; by steel sheets with dimensions 0.27x0.0.07x0.001 and 0.585x0.0.25x0.0015,

respectively. The values of the optimized EKD components are presented in Table 3-2.

Table 3-2: Values of the optimized EKD components.

m [kg] mp [kg] ks [KN/m] ke [KN/m] Kn (Uns=0) [KN/m]

16.3 0.815 1770 1440 -500

A series of single frequency-harmonic input tests were carried out, at the horizontal movement
shaking table of the Laboratory of soil mechanics, National Technical University of Athens. For the
experimental measurements, accelerometers where installed at the base of the absorber, the

oscillating mass (m) and the internal mass (mg ) while small amplitude excitations were applied to

ensure the linear behaviour of the absorber. Two different configurations were tested; (a) the EKD and
(b) a SDoF mechanism with the same mass and spring stiffness properties. No extra damping elements
are added in neither configuration while the structural damping ratio of the EKD was calculated from a

free vibration test £ =8% and the damping ratio of the SDoF & =2% .

Figure 3-7 illustrates the experimentally and the theoretically estimated frequency response of the
EKD absorber and the SDoF oscillator. The results validate the theoretical expected behaviour of the
KDamper, while the analytically derived equations of motion are confirmed. The comparison of the
the corresponding magnification factor of the system when the seismic mass is mounted only on the
ks stiffness elements (black line) demonstrates the effectiveness of the device. Namely, the
fundamental resonance peak is reduced approximately by 60% and by extension, this leads to an

isolation frequency of = 1.4 Hz which is in line with the intended goal of the device.

Innovative Vibration Absorbers and Metamaterials for Low-Frequency Wave Mitigation



72 Chapter 3

—EKD (theor)
—SDoF (theor)
» EKD (exp)
& SDoF (exp)

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Frequency [Hz|

Figure 3-7: Theoretical and experimental Dynamic response of the EKD device vs the SDoF oscillator.

3.5 Concluding Remarks

In this chapter, the most prominent KDamper configurations are discussed and a novel KDamper
absorber combined with an Inertia Amplifier is introduced as an inerter equivalent configuration.
Additionally, the Traditional Optimal design approach (based on Den Hartog (1956)) is briefly
presented as a baseline procedure which showcases the design limitations of the absorbers. Finally,
based on the selected optimized parameters an experimental validation of the KD concept is

illustrated.
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4 AcousTic MOUNTS BASED ON THE ENHANCED
KDAMPER (KD-IAM) CONCEPT

4.1 Background

The KDamper, as described in chapter 3, can address many of the inadequacies of conventional
passive noise control mechanisms, especially in the low-frequency range. Therefore, a design of an
acoustic isolation/absorption concept that targets the low-frequencies is proposed herein in the form
of a panel mounted on bearings, based on the KDamper concept. The proposed idea leads to an
improved dynamic behavior of the panel that is predominant in the STL curve around the resonant

frequency.

The idea of panels supported on KDamper mount designs was initially introduced by Paradeisiotis
(2019; 2019). These initial investigations indicated the potential of the proposed system in efficiently
mitigating sound transmission in the fundamental resonance region for target frequencies below 100
Hz. In these studies, the impedance approach (see chapter 2) was adopted to possess an initial
estimation of the noise absorption properties of the KDamper-enhanced panel. As previously
discussed, although this approach is only able to capture the acoustic behaviour of a rigid panel, it still
serves as a rational simplification that provides a reliable initial approximation of the system’s sound
mitigation response. In addition, the effectiveness and characteristics of the inertial amplification

mechanism - IAM concept can be also utilized in low-frequency noise insulation.

In this chapter, a combination of an IAM with the KDamper is proposed as a novel mounting system

aiming to increase the width and depth of the generated low-frequency attenuation band. An
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extended KDamper framework that incorporates an IAM is thus investigated. This coupled absorber is
applied in a novel mounting system for flexible acoustic panels, resulting in a wide and deep frequency
band of improved vibration and noise attenuation. The methodology employed in this research work is
based on a lumped parameter model (LPM) utilizing a first mode approximation for the STL of a simply
supported panel, as described in chapter 2, and an optimization procedure is formulated for the
selection of the KD parameters. One of the developments presented in this work is the refinement of
the initial optimization procedure of the KDamper, aiming to minimize the STL in the vicinity of the
fundamental resonance. The theoretical framework has been expanded for improved modelling of the
fluid—structure interaction of the panel and subsequent representation in terms of a dynamic system

with discrete degrees of freedom (DoFs).

Investigation shows that increasing the rigidity of the panel improves the attenuation band. Based on
this observation, an indicative implementation for an initial case study of a stiffened panel is
demonstrated along with a conceptual design and realization of the KD-IAM mounts. This case study
of a simplified, more stripped-down application aims to demonstrate the capability of this advanced
negative stiffness absorber in the area of low-frequency noise mitigation. In addition, the analytical
framework formulated herein serves as a basis for detailed investigations and designs verified by

subsequent Finite Element Analysis (FEA).

4.2 KDamper mount designs

4.2.1 “In-series” LPM approximation for classical KDamper mounts

As already seen in chapter 2, the effective damping of the fundamental resonance requires significant
damping capacity of the mounts positioned along the edges of the panel. For this reason, the
KDamper vibration absorption and damping concept is proposed as an alternative realization of the
elastic mounts. The KDamper has significantly higher modal damping than the TMD and achieves

greater attenuation in a wider frequency band while utilizing significantly lower additional mass.

Figure 4-1 shows the equivalent model when the simple elastic mount is replaced with an elastic

mount based on the KDamper design, where m; is the connecting mass which is assumed as

negligible in order to act just as a connector, namely an additional DoF. Since certain categories of
rubbers also present damping properties, defined by the loss factor due to their hysteretic,
viscoelastic behaviour, hysteretic damping is introduced indirectly considering a complex stiffness

element as:
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K's =ks(1+ jn) (4-1)
k' =ko(1+ jn) (4-2)

The mathematical model described in this section is an extension of the “In-series LPM
approximation”, presented in paragraph 2.2.2, and the aim is to formulate a straightforward method
to approximate this coupling between the panel and the mount. At this point, it is reminded that the
main assumption of the method is that the bending stiffness of the deformable plate is in a way in

series with the stiffness of the mounting.

Figure 4-1: Mathematical model of a KDamper mounted deformable plate.

The inclusion of stiffeners for increasing the panel’s rigidity, and hence its fundamental
eigenfrequency, helps reinforce this “in-series” approximation. Namely, with the LPMs, it is essentially
assumed that the panel is rigid; consequently, the dynamic response along the surface of the panel is
uniform. Therefore, increasing the rigidity is an attempt to approximate the rigid assumption
regarding the displacement/velocity amplitude distribution. Thus, the model can be used for

estimation of the required stiffness level and as a guidance in designing the mounts.

The STL of the KDamper model is then calculated as:

1
STL,, =10log,, [—] (4-3)

Tkp

The transmission coefficient 7, is estimated according to Eq. (2-38), where the transfer function

TF,, (Appendix-A.6) is described as follows:

*

Th,=o K
C, k +ks+k,(1-TF,)

O

(4-4)
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C k.
TR, == 2 - (4-5)
C, -o'my+Kk,+Kk,

4.2.2 “In-series” LPM approximation for KDamper-IAM mounts

Aiming to explore the combined KDamper-IAM framework introduced in chapter 3, the inclusion of
inertial amplifiers as part of the mounting system is studied herein. Figure 4-2 shows the mathematical

model of a KD-IAM mounted panel, considering that the effective mass of the IAM configuration is

superimposed to the connecting mass M; and, in total, denoted as m; =m, (Cot2¢9+1)(Eq. (3-21)).

a(t) L
d; (t)L

a () L ml*

(a) (b)

Figure 4-2: (a) Modeling of a deformable panel supported on KD-IAM elastic mount and (b) Equivalent KD-IAM
model considering the IAM’s effective mass.

Once again, hysteretic damping is assumed according to Egs. (4-1)-(4-2).

The equations of motion resulting from the model illustrated in Figure 4-2, are an extension of the

equations of motion shown in Eq. (3-22) and are given as:

N 8PII,

m G+ k (0, —0qy) = —5—e" (4-6)
T

m, (cot?0+1)d, — kg, + (k, + k5 +K)a, —K'p0; =0 (4-7)

my 8, + (K +k's)g, =k »q, =0 (4-8)

where the generalized degrees of freedom are defined as:
g (t) =Ce™ (4-9)

where C, is the corresponding amplitude of motion and the relevant transfer functions are:
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C k*
TR, =—2=— — (4-10)
C, -o'mg+k +ks+k,(1-TF,)

C k
TR, == — P i
2C, -w'm,+k, +kg (4-11)

And the corresponding STL is estimated by Eq. (4-3).

4.3 Optimal Design Approach for the KDamper acoustic mounts

4.3.1 Specification of non-dimensional parameters

The static stiffness k, of the KDamper is defined according to Eq. (3-1), where f,can be seen as a

central or design frequency of the KDamper. Normally, in previous vibration absorption applications of

the KDamper, (Antoniadis et al., 2015, 2016; Paradeisiotis et al., 2020a, 2020b) f, corresponded to

the operational excitation frequency of the system in question, around which the attenuation band

would be centered (see section 3.3). However, in this investigation, f, is set as one of the

optimization variables for maximization of the STL of the mounted panel.

The stiffness parameters of the KDamper are selected according to Eqg. (3-1) in order to maintain the

total stiffness of the system. However, an increase in the absolute value of k, , or reduction in the
absolute value of k, or ks, may endanger the static stability of the system. These parameters may
present fluctuations due to material fatigue, manufacturing tolerances, non-linear behavior of
structural elements, and among others, temperature variations.

In order to ensure that potential loss of the static stability is prevented, the possible variations of k,,
ko and kg are taken into account during the optimization procedure of the KDamper parameters,

(Kapasakalis, 2020) contrary to the classic KDamper design, which foresees variation only in the

negative stiffness element k, . In this way, these static stability margins are imposed via the

introduction of the tolerances ¢, &, and &g, respectively:

& = Nllm N (4_12)
N kN

£p = —m ke (4-13)
P kp
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& = . (4-14)
so that the limiting values of the stiffness elements are expressed as:
ky,, =@+&y)ky (4-15)
ke, =@+&p)ks (4-16)
ks, =@+&5)ks (4-17)
Defining the parameters:
n=0-&y) (4-18)
rh=01-&) (4-19)
o =01-¢) (4-20)
the neutral point for static stability corresponds to:

(rokp ) (ryky) i1, =0 wa1)

(rkp) + (ryky)
Consequently, for an assumed value of the non-dimensional parameter x, = k /k,—or the
absolute value of the negative stiffness element k, —and selected tolerances, the rest of the stiffness
elements result as follows:

-b-A
2a

Ky = (4-22)

where g is the non-dimensional parameter of the kg stiffness element and:

A=+/b%—4ac (4-23)

a = r(rp—r) (4-24)
b=y (= 1)+ 15 (ry —15) (4-25)
C =—TI Ky (4-26)

while the non-dimensional x; is:

)
F Kg +xy —1 (4-27)
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Then, the stiffness elements are calculated as:

ky =& K, (4-28)
ke =10k, (4-29)
ks = x5k, (4-30)

The non-dimensional parameter p of the KDamper is also defined as:

(2 \/(kP +kN)/mD

@, JKo I'm,

Where my =um,. The parameter p essentially represents the “distance” between the two

eigenfrequencies of the KDamper, acting as a marker of the absorption frequency band of the

oscillator.

4.4 Optimization algorithm

The aim of the optimization process is the selection of the optimal values for the KDamper elements,
in order to obtain the maximum possible STL performance, especially in the resonance region of the
system. A comparison to the initial system, where the plate is simply supported on its edges, is

undertaken in order to evaluate the effectiveness of the mechanism.

The ”fmincon” function of the MATLAB code for local minimization of non-linear multivariable

functions and constraints is utilized for the optimization process. The optimization algorithm is

formulated as follows:

c(x)<0
Cey(X) =0
min, f(x)st.y Ax<b (4-32)

A%qxzbeq
Ib<x<ub

where b and beq are vectors, A and A,, are matrices, c(x) and ceq(x) are functions that return

vectors, and f(x) is a function that returns a scalar. f(x), ¢(x), and ceq(x) can be nonlinear
functions X,Ib, and ub can be vectors or matrices, x is the vector containing the optimization

variables, and f (x) is the objective function to be minimized. Thus, X starts at X, and attempts to
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find a minimizer x of the function described in f(x) subjected to the linear inequalities Ax<b,

aiming for a solution that is always in the range Ib< x< ub.

In this case the vector X is:

x={x, f, mg) (4-33)
The minimum value of the STL of the model is considered as the objective function:
f(x)=-min(STLy) (4-34)

Therefore, the optimization problem becomes:

g, =10%
&- =5%
min_ f(x)st{ .
, F(X) £ =5% (4-35)
Ib<x<ub

with the optimization variables between the lower bounds |b={—0.8 10 O}T and the upper bounds
ub={012010}".

Some of the choices regarding the constraints and the bounds of the optimization variables result
from past investigations of the KDamper and relate closely to considerations regarding possible
practical implementations, which can be found in Paradeisiotis (2019). The boundaries of the

KDamper design frequency f,, can be selected by the designer based on the project requirements.

4.5 Effects of the panel’s rigidity

In this section, an examination of the KD-IAM concept is presented, considering the low-frequency
acoustic performance of a stiffened panel. During this approach towards increasing low-frequency
noise insulation, instead of lowering the fundamental resonance of the structure and taking advantage
of the STL region governed by the mass law, the aim is to lift the panel’s fundamental resonance and
take advantage of the absorption properties of the mounts in the stiffness region. A common practice
to enhance the rigidity of a panel involves incorporating a grid of stiffeners, where the density and
shape of these ribs define the enhanced stiffness of the system. The panel under investigation is
assumed to comprise a conventional plasterboard enhanced by stiffeners to improve the panel’s

rigidity and manipulate the value of its fundamental eigenfrequency.
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The relevant properties of the plasterboard are summarized in Table 4-1. In order to investigate the
effect of the panel’s rigidity on the STL frequency response, the KD-IAM model is employed assuming
four different arrangements. The first case corresponds to a non-enhanced plasterboard with a
fundamental eigenfrequency of 10.8 Hz, while the next three cases correspond to stiffened panels

with fundamental eigenfrequencies of 30, 50, and 100 Hz.

Table 4-1: Plasterboard properties.

po [kg/m?] I [m] ly[m] hp [mm] Ep [MPa] vo [] 7o []

668 1.2 24 12.5 2900 0.31 0.01

In Figure 4-3, the red dashed line represents the FFR panel approximation as given by Eq. (2-23).
Intuitively, this approximation should constitute the ideal case regarding the STL of a panel with finite
dimensions and may act as a reference curve for various comparisons instead of the infinite panel
approximation, which is invalid in the lower frequency range that is being examined. The analysis is

conducted for both KDamper mounts without the inclusion of the IAM (m,; =0), see Figure 4-1, and

with KD-IAM mounts, see Figure 4-2, in order to highlight the effect of IAM to the dynamic response of
the oscillator. The results obtained for each case after the optimization procedure are provided in
Table 4-2 and Table 4-3. Results of Figure 4-3 indicate that the KD mounted panel is effectively
dampened in the resonance region as the STL level is improved compared to the FFR panel. As
expected, all curves coincide for higher frequencies, where the mass law prevails. The properties of

the KD mounts are highlighted in the case of f =100Hz, where the resonance effect on the STL is

almost eliminated and, at the same time, an increased attenuation band is formed in the region.
Resonances of higher modes that would appear while using a more extensive modeling approach are
also mitigated without a significant amount of damping, especially compared to the fundamental

resonance.

Considering the case where the mounts are positioned along the edges of the real panel, the
displacement amplitude at the edges is lower than the mean amplitude of the panel due to the shape
function of the first mode. Thus, damping will be less effective in reality. For this reason, the
considered loss factor in the model is just ©=0.1, to avoid presenting a misleading frequency
response. However, in the cases of the stiffened panel, the displacement/velocity amplitudes are
more uniformly distributed between the edges and the middle of the panel. As a result, the validity of

the modeling assumptions is reinforced.
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Figure 4-3: Correlation of the panel rigidity and STL of the mounted panel for increasing rigidity of the panel

utilizing KDamper mounts.

The inclusion of the inertial amplifier on the KD mounting system substantially improves the acoustic

performance of the system. Figure 4-4 showcases

that the presence of the added mass further

increases the damping capabilities of the panel and establishes a wider and deeper bandgap in the

first resonance region. For the sake of comparison,

the effect of the panel’s rigidity is once again

described for the four aforementioned cases. Similar to the previous comparison, the optimized KD

parameters were utilized for each scenario. For this case, the IAM mass was included in the

optimization process. It is observed that for the non-

enhanced panel, the effect of the IAM is barely

noticeable; however, even for a small panel stiffness increase, the amplification effect is evident. The

STL curve is shifted towards lower frequencies, while the anti-resonance compensates the detrimental

effect of the natural resonance of the simply supported panel.
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Figure 4-4: Correlation of the panel rigidity and STL of the mounted panel for increasing rigidity of the panel
utilizing KD-IAM mounts.

However, as expected, a slight drawback of this extraordinary improvement in the resonance region is
the following narrow band of reduced attenuation, which is mitigated slightly due to the resonance

effect of the internal mass my . Another important observation is that the attenuation band increases

as the panel’s rigidity increases, while this increase is not proportional to the size of the IAM mass.

Specifically, the optimized mass for the case of f, =10.8Hz is m,=7.6kg and, at the same time, the
width of the attenuated band is almost invisible, while for f =100Hz and IAM mass equal to
m, =3.5kg, a significantly wide attenuated frequency band is observed. By comparing the STL curves of
the panels with eigenfrequencies f, =50Hz and 100Hz we observe that the latter has an outstanding
performance below 140Hz; nonetheless, above 140Hz, the former prevails and has a more

flattened/uniform response without a large deviation from the FFR panel.

Table 4-2: Values of the optimized KD parameters.

Case f1 [Hz] fo [Hz] i [-] STLmax [dB]
1 10.8 10.67 -0.800 17.7
2 30.0 11.30 -0.511 18.6
3 50 13.80 0.771 19.0
4 100 26.80 -0.679 19.1
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Table 4-3: Values of the optimized KD-IAM parameters.

Case f1 [Hz] fo [Hz] xn [ me [Kg] bw [Hz] STLmax [dB]
1 10.8 10.8 -0.786 5.52 143 18.6
2 30.0 11.3 -0.511 2.70 41.9 255
3 50 13.8 -0.771 2.40 75.2 27.6
4 100 26.8 -0.679 3.49 119.7 32.6

4.6 Numerical Example

Following the investigation on the effect of the panel’s rigidity on the STL, an indicative scenario is
studied herein to showcase the advantages of the proposed system. One simple way to increase the
panel’s rigidity is by adopting a grid of box-type section stiffeners, as presented in Figure 4-5 (a). The

width (w, ) corresponds to the horizontal distance between the upright supporting beams providing

the stable frame of the plasterboard. The selected setup is presented as an example of a stiffened
panel, while other configurations with stiffeners in a cross or “X” layout, or even tensegrity
structures/mechanisms could comprise effective alternatives. In real-life masonry applications, it is
common practice to support the drywall in stable frames, which can further increase the rigidity of the
panel. However, this investigation falls out of the scope of the current contribution, the purpose of
which is to demonstrate the capabilities of the KD-IAM concept in low-frequency acoustic problems.
This is the reason that the added mass of the stiffeners is not taken into account in the STL
performance; therefore, as a result of their geometric configuration, the stiffeners are seen as a

means to increase the fundamental eigenfrequency of the panel.

The fundamental eigenfrequency of the panel is derived via modal analysis in ABAQUS® FE software,
assuming simply supported boundary conditions. The panel is discretized by 20-node quadratic solid
hexahedral elements, and the stiffeners are discretized by 8-node quadratic doubly curved thick shell

elements. The fundamental mode of the panel is depicted in Figure 4-5 (b) and occurs at f; =90.1Hz.

The properties of the stiffeners are summarized in Table 4-4.

Table 4-4: Properties of stiffeners.

ps [kg/m3]  as[mm] bs [mm] hs [mm] Wy [m] wy [m] Es[GPa] vo []

7800 50 50 7 0.375 0.575 210 0.3
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;

Cross Section

(b)

Figure 4-5: Illustration of the stiffened panel, simply supported on its peripheral edges. (a) Positioning and

geometry of the stiffeners. (b) Fundamental mode of vibration of the stiffened panel at f, =90.1. Hz.

It is noted that the FE model is used only as a means to define the natural frequency of the panel,
while the generalized mass, and consequently stiffness in the analysis are accounted for via the
assumptions of the LPM. The optimal properties of the KD-IAM are defined by utilizing the

optimization algorithm and by assuming hysteretic damping. A conservative loss factor of 7 =0.1 was

adopted; nonetheless, nowadays someone can easily find industrially produced rubber materials with
loss factors up to 0.4 (Carfagni et al., 1998). The optimized parameters of the KD-IAM mounts are

summarized in Table 4-5.

Table 4-5: Values of the optimized KD-IAM parameters.

Mg

fi[Hz] fo[Hz]  ko[Nm™]  ks[Nm*] ke [Nm?] kv INm™] u[[1 n[l [ k]

90.1 25.1 1.405 x10°  3.613x10° 1.386 x10° -8.654 x10* 0.01 0.1 -0.660  3.35
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Figure 4-6 presents the enhanced acoustic performance of the KD-IAM mounted panel, with the black
dotted line corresponding to the lumped parameter model, as derived from the first mode
approximation of the simply supported panel. By comparing the STL curves of the KD-IAM mounted
panel with those of the simply supported panel, we observe that the mounted panel shows a 110Hz
wide absorption band between 25 and 135Hz which corresponds to the resonance region of the
simply supported case. Additionally, a maximum STL gain of 32dB occurs which, compared to the FFR

panel, is a 13dB increase in STL.

s \With KD-TAMP mounts
s SiMply Supported Finite Panel
----- FFR Panel

80

-20

50 100 150 200 250 300 350 400
Frequency [Hz|

Figure 4-6: STL for the case study of the KD-IAM mounted panel in comparison to the simply supported panel.

4.7 Indicative KD-IAM mount designs

In this section, an implementation according to the parameters provided in Table 4-5 and for design

frequency equal to f, [Hz] is presented. Generally, according to section 3.3, for x> 90%x,,, , the

max /
negative stiffness elements are more difficult to be realized in practice. In structural mechanics,
negative stiffness is generally obtainable through post-buckling processes (snap-through

phenomenon). This means that high k, results to more unstable and difficult to control
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implementations (Paradeisiotis, 2019). A tolerable compromise is a value of ¥ somewhere between
85-90%, which is high enough to exploit the advantages of the KDamper while the slope of the curve is
not as sharp as between 90-95%. In this way, the increase of k,, is within reasonable limits. Herein,

the negative stiffness springs are envisaged as Bellville springs.

4.7.1 Inertia Amplification Mechanism (IAM)

As presented in Eq. (3-21), the mass m_ of the IAM has an amplification factor equal to (cot?d+1),

which is plotted in Figure 4-7 (a), as a function of angle 6. Therefore, for realization of the IAM
considering four inertial amplification mechanisms positioned under the panel, a combination of
(m,, @) needs to be selected in order to provide the desired m, resulting from the optimization

procedure of the KD-IAM model divided in four.

120
100
80

60

cot?(0) + 1

40

20

0 [deg]

(a) (b)

Figure 4-7: (a) Amplification factor of the inertial amplifier as a function of angle §. (b) Conceptual realization of the
Inertial Amplification Mechanism (IAM).

For this particular design, assuming structural steel ( o0 =7800 kg m) for the material of the masses
m, with general dimensions 10x30x35 [mm?], the relevant parameters for the IAM mechanism are

summarized in Table 4-6. A conceptual realization of the proposed IAM is depicted in Figure 4-7 (b).

Table 4-6: IAM mechanism parameters.

me /4 [kg] cot?d + 1 0 [deg] ma [kg] I [m]
0.838 33.163 10 0.051 0.020
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4.7.2 KD mount with Belleville springs

Considering four KDamper mounts at each corner of the panel that act in parallel, the optimized

parameters given in Table 4-5 are divided in four, corresponding to each mount.

4.7.2.1 Realization of Negative Stiffness Elements

In this implementation, the negative stiffness element of the oscillator is realized utilizing disk
(Belleville) springs. The exerted force and the equivalent stiffness of this type of springs are nonlinear
functions of the vertical displacement s of the inner diameter D, . The height of the spring is denoted
by |l,, D, (the external diameter), and h, =1, —t, where t is the thickness. The relevant notation is

demonstrated in Figure 4-8. More specific information about disk springs is provided by

manufacturers (Bauer, 2008).

D, >
< D. |
t 1 i 1l
h" o Sl . oM ||/|

Figure 4-8: Notation and dimensions of disc (Belleville) spring (based on (Paradeisiotis, 2019)).

Specifically, the calculation of the exerted force of an individual spring as a function of the

deformation sis the following:

h h
o3 2-4)0)

where F, =F (S = ho) is the exerted force when the disc is at its flattened position and is estimated
as:

4 t°h,

¢ =mm 4 (4-37)

By setting the ratio of the outer to the inner diameter of the disk (6 =D, /D, ) parameters K;are

defined as:
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Gl
K, L °

Sl N S — (4-38)
go+l 2
0-1 1In(5)
o-1_
_61n(s) (4-39)
7 In(5)
_306-1
3 7 In(5) (4-40)
The stresses developed are described by the following equations:
3
Oom =00 (4-41)
/4
h, s
= KK,| 2-=—|+K 42
O O-o[ 2 4(1: 2,[) 3} (4-42)
I hy, S 11
= K, -2K)K,| 2-=|-K, |= 4-43
Oy =0, _( 2 3) 4( 2,[) 3_5 ( )
I h, s 11
= K, -2K,)K -— |+K, |= }
O =0, _( 2 3) 4( ZIJ 3_5 (4-44)
Where
4t S
(4-45)

o,=————K,—
° 1-v*KD? ‘'t
Standard disk springs dimensioned in accordance to DIN 2093 have ratios of h,/tup to 1.3. However,

in order for such a disk to demonstrate negative stiffness behaviour, this ratio needs to be h, /t > \/E,

which is categorized as non-standard. Furthermore, for h,/t >\/§ the disc becomes a bistable
element, meaning that in a certain range of deformation s (snap-through region), the exerted force
becomes negative thus, these types of discs may act as switch elements. On the other hand, it has to
be taken into account that as this ratio increases, considering all other parameters constant, the force

F. increases too and the developing stresses are getting higher. This fact is problematic, especially for

cyclic operation as in this case, due to the low fatigue strength of the mechanism.

The range of the vertical displacement s where the disk exhibits the desired negative stiffness

characteristics is centered around the flat position of the disk where the exerted force is F,and the
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stiffness attains its maximum negative value. By all means, this translates to the application of a
certain pre-stress condition on the spring in order to remain to its flat position at the equilibrium state
of the mount. The height h, of the disk spring has to be such that the displacement amplitude C, of
the internal mass my is covered by the resulting range of s corresponding to the negative stiffness

values near the maximum within an appropriate margin.

The Belleville spring geometrical parameters are presented in Table 4-7. The material properties of the
specific disk spring made of ABS plastic are presented in Table 4-8. In order to achieve the required
negative stiffness value, k, /4= -2.193x10" [Nm™], with the geometrical properties presented In
Table 4-7, a total number of six (6) disk springs have to be configured in parallel. The resulting stiffness
of this case in comparison with the single spring curve is demonstrated in Figure 4-9 (a). The bold

dashed line indicates the maximum negative stiffness value of k,,, which corresponds to the k,, /4

value, derived from the optimized model.

Table 4-7: Belleville spring geometrical parameters.

T [mm] O[] Delt [-] ho/t [-] Fe [N] Knmax [NM™1]
1.3 2.5 32 1.64 31.797 -3.570x10°

Table 4-8: Material properties of the disk spring.

p [kg m3] oyield[MPa] E [MPa] v[]

1020 48 2206.3 0.3

Figure 4-9 (b) shows the developed disc stresses as a function of deformation s at five characteristic

points of the spring. Stresses o, , o, o, ,and o, correspond to the four corners of the cross
section of the disk, while o, is the equivalent Von Mises stress at the center of the cross section.
The value of the resulting stress o, must be within certain limits, that especially in dynamic

applications, define a nominal number of maximum operation cycles for the disk spring. These values

are derived using endurance and fatigue strength diagrams.
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Figure 4-9: Resulting stiffness and stress during deformation of disk springs. (a) Equivalent stiffness of a single spring
and six disk springs in a parallel configuration. (b) Development of stress in each disk spring.

The realization of the negative stiffness element via six (6) parallel disks, is reconfigured into two
stacks of three, positioned on a fixed base as demonstrated in Figure 4-11 (a) and (b). The discs are
held together by a bolt and two washers at their flat position. This way, the two stacks still act as two
parallel springs, resulting in the desired k value; however, the exerted forces of each stack have the
same magnitude but opposite directions, meaning that they cancel each other out and the equilibrium

position is neutrally stable.

4.7.2.2 Realization of Positive Stiffness Elements

For the positive stiffness elements of the mount, namely the kg and k, elements of the KDamper, the

material of choice is rubber. Since certain categories of rubbers also present damping properties,
defined by the loss factor due to their hysteretic, viscoelastic behaviour, they comprise an obvious
option to combine along with the aforementioned stiffness elements in the form of rubber pads.
Specifically, drawings of the circular pads with a hole in the middle are illustrated in Figure 4-10. The

selected material for the realization of the positive stiffness elements of the mount kg /4and k, /4 is

CRO7 (chloroprene rubber with 7% carbon black) in the form of rubber pads. Common rubber
materials, such as chloroprene rubbers with black carbon additives, demonstrate the desired damping

effects due to internal friction. Typical values range from 7=0.05up to 7=0.7, depending on the

composition and quality of the material.
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Figure 4-10: Designs of the rubber pads for the realization of the positive stiffness elements (based on
(Paradeisiotis, 2019)).
The stiffness of the rubber pads depends on their dimensions. An indicator of the compressive

stiffness of a rubber pad is the shape factor S, which is defined as the ratio of the one loaded surface

area A to the area that is free to bulge. Specifically, for hollow cylindrical rubber pads, the shape factor

is calculated as

. (Dz —d2)
ICRIT 0

where Dand d are the outer and inner diameters, respectively, and tis the thickness of the pad. The

compressive stiffness of the rubber pad is calculated as:

E, A

kcomp = % (4'47)
Where
Ecorr = EO (1+ S 2) (4-48)

is the corrected Young’s modulus of the material obtained using the calculated shape factor.

Obviously, this requires the knowledge of the initial E;, which can be provided by relevant stress-

strain tests of the material in question. For the purpose of this indicative design, the hyperelastic
properties of rubber are neglected; consequently, the calculated value from Eqg. (4-47) is an
approximation that can be used as a starting point for the detailed dimensioning of the rubber pads.

The dimensions of the rubber pads are summarized in Table 4-9.
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Table 4-9: Dimensions of rubber pads (chloroprene rubber, 7% carbon black, CRO7).

D [mm] d [mm] h [mm]
kp/4 34 10 38.9
ks/4 75 52 47

4.7.2.3 Design

In order to apply the appropriate pre-stress conditions required to provide the necessary negative
stiffness of the disc springs, an M6 bolt holds all of the six-disc springs flattened, while at the top and
bottom interface between the springs and the bolt, the two washers, as shown in Figure 4-11 (a) and

(b), also act as the added mass mj, of the KDamper oscillator.

Figure 4-11 (c) and (d) shows an indicative configuration for incorporating the eight mounts to the
gypsum board. In reality, the fixed base of each mount belongs to the unified aluminum part of the

frame or the stiffeners on which the board is fixed.

(a) (b)

(c) (d)

Figure 4-11: Indicative realization of the mounted panel. (a) KDamper mounts with Belleville springs. (b) section
view. (c) Indicative configuration of the mounts. (d) Indicative mounting of the panel.
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4.8 Numerical modeling of the KDamper-IAM mounted panel

To validate the aforementioned LPM, a 3-D FE coupled vibro-acoustic model was developed on the
commercial finite element software ABAQUS®. As a simplification, only the transmission side of the air

domain was modeled, and the panel was excited by directly applying a blocked pressure ( p, =2p,) on

its surface (Figure 4-12).

Panel

Airdomain

KDamper
mount

Stiffeners

IAM

Figure 4-12: Depiction of the FE vibro-acoustic panel-KD-IAM mounts model.

The acoustic pressure was derived from the fluid-structure interface nodes, and an arithmetic average

was performed by:

§=%Z| pt.i| (4-49)
t

=1

where n denotes the total number of nodes; i denotes the node number; and p, the transmitted

pressure. Then the averaged pressure was used to compute the simulated STL by:

P
STL =20log,, ('PTJJ (4-50)

t
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The panel was discretized by 20-node quadratic solid hexahedral elements, the stiffeners were
discretized by 2-node linear elements while the fluid domain was discretized by 20-node quadratic
acoustic hexahedral elements. Regarding the amplifiers, beam elements were used to simulate the
links connected with MPC pin constraints. Tie constraints were used to simulate the coupling of the
fluid-structure interface and the stiffeners-panel interface, while non-reflecting boundary conditions
were specified to generate the infinite fluid domain. The KDamper mount elements were modeled by
assigning connectors with the appropriate elastic properties. Lastly, the discretization of the fluid
domain had more than three quadratic elements across the wavelength of interest to increase the

accuracy of the computational results (Marburg, 2002).

In Figure 4-13, the acoustic performance of the KD-IAM mounted panel in terms of STL is evaluated.
The direct comparison between the STL curves derived from the LMP approximation and the FE
analysis shows that the analytical model accurately predicts the system's acoustic properties,
considering the assumptions of the method. Specifically, the LMP indicated bandgap is approximately
20Hz shifted to higher frequencies compared to the FE model, while the bandwidth remains the same.
Naturally, more peaks and valleys appear in the numerical predictions due to the panel-mount

system's higher modes.

30 —Panel with w/KDamper mounts (LPM)
—Simply Supported Panel

—Panel with w/KD-IAM mounts (FE)
6o\ ] e FFR Panel

B]

— 40

STL [d

| | | |
0 50 100 150 200 250 300
Frequency [Hz]

Figure 4-13: STL for the case study of the KD-IAM mounted panel; comparison between the FE and the LPM.
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4.9 Concluding Remarks

In this chapter, the KDamper is implemented as an advanced absorber for acoustic panel mounts in
combination with an inertia amplification system, namely the KD-IAM concept. The KD-IAM equations
of motion are extended to include the deformable panel according to the in-series LPM
approximation. An optimization procedure is presented for selecting the absorber’s parameters to
maximize the STL of the panel in the prescribed frequency range. The optimization procedure for the
selection of the absorber’'s parameters based on the described modeling approximations
demonstrated the relation between the rigidity and the STL performance of the mounted panel.
Finally, an indicative realization of the KD-IAM-based mounting system is presented utilizing Belleville
springs for the negative stiffness element of the KDamper and other common elements, such as

rubber pads and simple linkages.

Based on the dynamic analysis and the results obtained from an indicative case study of a drywall, the

following concluding remarks can be made:

e Utilizing stiffeners to increase the rigidity and, consequently, the fundamental frequency of
the panel, the resulting optimized mounts based on the KD-IAM achieve a wider and deeper
frequency band of improved STL in the resonance region of the system.

e The presented implementation utilizing the proposed KD-IAM advanced absorber for the
panel's mounting shows a wide and deep frequency band of improved vibration and noise
attenuation in terms of STL in the resonance region and at frequencies of ~20-150 Hz.

e Including the inertial amplifier on the KD mounting system substantially improves the system's
acoustic performance.

e The vibro-acoustic FE model results proved that the KD-IAM in series approximation is a useful

and accurate design tool.
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5 METAMATERIAL DESIGNS BASED ON THE
KDAMPER — |AM CONCEPT

5.1 Background

As previously presented, conventional locally resonant (LR) metamaterials require relatively heavy,
additional, internally moving masses, as well as high displacement amplitudes, which may prohibit
their practical implementation. Indicatively, current applications of LR metamaterials in acoustics

(Groby et al., 2014; Weisser et al., 2016) often address frequencies well above 500 Hz.

In this study, we claim that the major limitations of conventional linear metamaterials such as the
limited frequency band of the attenuation zone can be overcome by adopting an advanced unit-cell
design that includes inertial amplification mechanisms such as the proposed IAM and KDamper
concept. Several studies in the recent literature integrate inertial amplifiers to metamaterial concepts
(Taniker and Yilmaz, 2017, Wanjura et al., 2020; Yilmaz, 2018) studying their dynamic properties,
while others investigate the effect of non-linear phenomena and negative stiffness elements,
revealing the benefits in terms of larger attenuation bandwidths, that can be obtained by exploiting
such mechanisms. To this end, negative stiffness phenomena are very promising for vibration isolation
and can be generated by adopting prestressed conventional springs, buckled beams, disc springs or
even gas springs, as shown in the literature and recent applications. Towards this direction, Al-
Shudeifat (2014) and Chen et al. (2019) investigate the effects of nonlinear energy sinks with negative
stiffness elements, showing promising results in terms of vibration attenuation. These concepts help
towards focusing the attention on the potential advantages of negative stiffness for elastic

metamaterials. Chen et al. (2020), Morris et al. (2019) and Salari-Sharif et al. (2019) propose unique
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metamaterial designs incorporating negative stiffness unit-cells, revealing the potential of such
systems towards energy dissipation and structural protection. In 2022, Chondrogiannis et al. (2022),
investigated the introduction of non-linear negative stiffness geometrical inclusions as a means to
artificially increase the unit-cell mass of a phononic structure. Experimental testing on a LEGO technic
assembly indicated that enhanced low-frequency energy dissipation and improved bandgap properties

can be generated by incorporating such mechanisms.

In a similar way, the KDamper concept aims at vibration isolation, utilizing negative stiffness elements
that improve the dynamic behavior of a TMD-inspired oscillating mass and taking into consideration
the stability of the system, therefore maintaining a positive overall stiffness. The application of the
KDamper (KD) concept towards the design of highly dissipative low-frequency elastic/acoustic
metamaterials Antoniadis and Paradeisiotis (I Antoniadis and Paradeisiotis, 2018; |. Antoniadis and
Paradeisiotis, 2018) shows promise in addressing the issue of low-frequency noise mitigation up to a
certain extent. The initial form of the KDamper was optimized to minimize the displacement of the
seismic mass under harmonic excitation and was geared more toward applications for machine
mounting. Recently, as presented in the previous chapter, the research team of the Dynamics and
Acoustics laboratory, School of Mechanical Engineering of the NTUA have implemented the KDamper

as a panel mounting mechanism, aiming to attenuate low-frequency noise (Paradeisiotis, 2019; 2020).

In this chapter, KDamper-based metamaterial designs are presented along with their detailed
analytical framework. The concept is subsequently enhanced by developing an inertial amplification
system (IAM) supplementary to the initial mechanism; such addition allows for further improvement
of the dynamic behavior of the structure. The proposed designs target the development of
metamaterial-based noise barriers. Initial conceptual implementations are proposed herein, and the

presented mechanisms are evaluated using both analytical and numerical analyses

I"

5.2 KDamper “traditional” metamaterial design

5.2.1 Bloch analysis and bandgap estimation

The KDamper based metamaterials essentially comprise a periodic repetition of unit-lattice cells of

KDamper elements, as presented in Figure 5-1.
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Figure 5-1: Unit-cell of KDamper metamaterial.

As evident from Figure 5-1, setting the value of the negative stiffness element of the KDamper unit-

cell as ky, =0, makes it equivalent to the TMD based, acoustic/elastic locally resonant metamaterial.

Consequently, the equations of motion of a typical unit-cell are derived as:

mUS,p + G (uS,p _us,p—l) + G (uS,p _uS,p+1)+ ks(us,p _us,p—l)

(5-1)
+ ks(us,p _uS,p+1) + kp(us,p _UD,p)+ kN (us,p _uD,p—l) =0

myu

oUp,p +Cp (Uo,p —usyp)+ Ko (uD'p —Us,p)+ kNuD,p —uslpﬂ) =0 (5-2)

For each of the system of Eqgs (5-1) and (5-2), the generalized form of Bloch’s (1929) theorem is

applied:

us , =Uge™ (5-3)
Ug g =UgeM 7 =Ug e (5-4)
Ug ., =Uge " =Ug e (5-5)
Uy, =Upe™ (5-6)
Up pu ZUDejKHM :UD,p+leM (5-7)
Up,y =Upe M =U, " (5-8)

where ug,ug are the wave amplitudes at node p,lis the unit-cell length, x is the wave number and

Ais a complex frequency function that permits wave attenuation in time. In the limiting case of no

damping (£ =0), the time factor that indicates harmonic wave propagation g 1< s taken as
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el and the usual form of Bloch's theorem is recovered. Substitution of Equations (5-3)-(5-8) into

Equations (5-1)-(5-2), leads to:

[A’m+ A(ycq +Cp) + (7Kg + Ko + Ky )Ug — (AC, + ko +€7k )U, =0 (5-9)
[A°mg + Acy + (Kp + kU —(Ac, +k, +e7"k U =0 (5-10)
where

y=2-(" +e")=2(1-cos«xl) =2(1-cosq) (5-11)
q=xl (5-12)

Substituting U, from Eq. (5-10) into Eg. (5-9), leads to:

[a, At + a2’ + o, A% + a A+ o, U (5-13)
where

a, =mym (5-14)
a, = (Mp +M)Cp +7Cp + yCsMy (5-15)
a, = (Mp + MKy y(CsCp + KM ) (5-16)
&, =yCskp + ¢y (kg +Ky) (5-17)
a, = rkskp + rkp Ky (5-18)

where k; =k, +k,

Eq. (5-13) yields a characteristic equation of the form:

a A +a A’ + o, A +ad+a, =0 (5-19)
The roots may be expressed as:

Ay =—Cowy  jog1- &7 ,B=12 (5-20)

where B=1 represents the lower branch number and B=2 represents the upper branch number of the

two dispersion curves, while @, ¢ represent the corresponding natural frequency and damping ratio.

Assuming an undamped system, a, =a1=0,/1=a)2, and referring to the total stiffness k,of the
KDamper and the non-dimensional parameters of the KDamper p,p,k, it holds that

(kskpy +Kkpky ) =k, k, the characteristic equation may be written as
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AX’*+BA+C=0 (5-21)
and the above coefficients are the following:

A=1 (5-22)
g - Moo Mol _ g1 1yt 4y (5-23)

mm,

C = ylkskp + Kok 1= yat (5-24)
where

wp =+Jko I'm (5-25)
@5 = \/m = %W (5-26)
@, =m=a)D I p (5-27)
p=0, !, (5-28)

It should be noted that from now onwards, the Greek letter «x, refers to the non-dimensional

parameter of the KDamper; the wavelength is included in the parameter q defined in Eq. (5-12). The

roots of Eq. (5-21) are calculated as follows:

_ —B++A—4AC

2A

Ao

Finally, the dispersion curves can be obtained from 4, as:

o, (@) =4
o (9) =4

Consequently, @, ,®, are the bandgap limits (o, <o <w, ):

oy =0, (Q=0)=awp\1+ p = oyp\1+ p

2 2
2 @y Wp

a)L = = 2
1+ L+ x)up

iz+1<(1+1c),u
Yo,

And b, the normalized bandwidth:

(5-29)

(5-30)

(5-31)

(5-32)

(5-33)
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b, = = = W )L kL ) p’] -1 (5-34)

L

By setting k=0, the corresponding band-gap limits of the TMD unit-cell can be obtained from Eq.
(5-33)-(5-28) as follows:

o, —2 >, =,/k, I mg (5-35)
b, —2% = /(+u) -1 (5-36)

According to Eq. (5-33)-(5-34) the normalized bandgap width b, can be increased not only by
increasing the parameter x4 (i.e., the value of the internally oscillating mass m, ), but also the value of
the parameterx (i.e., the magnitude of the negative stiffness element k). This can be considered

among others as a consequence of Eq. (3-8), since the usage of a negative stiffness element can be

considered as an indirect approach to artificially increase the inertia of the system.

Figure 5-2 presents the resulting normalized bandgap widths b, for a variation of both the x and x

parameters of the KDamper metamaterial. As it can be observed, a normalized bandgap width of

h, =3 may already be achieved for values of k close to «; even for negligible values of the

max /
internal oscillating mass (x=0)(l. Antoniadis and Paradeisiotis, 2018). Thus, the extraordinary
properties of the KDamper metamaterial chain showcase that large bandgaps can be accomplished
compared to those generated by conventional acoustic metamaterials, even for chains with high

values of internal oscillating masses ( £ >10).
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Figure 5-2: Normalized bandgap width as a function of the k and u KDamper parameters.

5.2.2 Transfer function of the KDamper metamaterial

The equation of motion of the metamaterial, for M number of unit-cells (Figure 5-3) is expressed in

matrix formulation as:

MmetaKDu(t)+CmetaKDu(t)+ KmetaKDu(t)z f(t) (5_37)
where M PP KIEEP CIEHP g 0y, Uy, Froy and p=2M +1 is the number of degrees of

freedom of the metamaterial. For a single unit-cell, M=1, the mass (M ™*®), damping (C™%*P®) and

stiffness ( K™*®) matrices are the following:
m 0 O
M metakD — 0 mD 0 (5—383)
0 0 m
Kotk —k,  —k
KmetaKD — _kp kN + kp _kN (5—38b)
—kq —ky ke +ky
Cc+C  —Cp —C,
CmetaKD — _Cp CN + Cp _CN (5-38.(:)
—C —Cy G +Cy
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E-lo (5-38.d)

k,
Cp
=
f(t) ky
> ..... m m
kp
Upm
[ |
_l
Cs Cs c
L, Us, L, Uspz L, Uss L,usm ~S L, Us,M+1

Figure 5-3: KDamper acoustic metamaterial finite lattice.

ForM > 1, the above matrices of the single unit-cell, are formulated appropriately. Therefore, the

frequency response of the lattice may be calculated via the following expression:

TF metakD — (—CUZM + JC + K)le (5—39)
where
~ ~ ~ ~ T
TF, o0 = | Vs Yoalse Uoma (5-40)
F F F F

5.3 Enhanced KDamper-IAM metamaterial for acoustic applications

Aiming to further improve the KDamper metamaterial dynamic characteristics, a new configuration is
developed based on the KD-IAM concept, as initially presented in chapter 3. The enhanced meta-
structure is realized by adopting the KDamper unit-cell rationale with the inclusion of an inertial
amplifier (IAM). The KDamper mechanism can find multiple applications in low-frequency damping
and absorption applications. An indicative concept for the implementation of KDamper based

metamaterials towards the design of acoustic low-frequency attenuation panels is examined herein.

Figure 5-4 depicts the model of a KD-IAM unit-cell for the simplest case of a meta-structure that is

based on the periodic repetition of such unit-cells. Specifically, m;is the connecting mass, which is

assumed to be negligible in order to act just as a connector, namely asan additional DoF. The effective
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mass of the IAM configuration is superimposed to the connecting mass, which is calculated as

m
m, =?a(cot249+1) .The periodicity is considered one dimensional, and the IAMs are fixed on one

end.

L. Uzp Ls Uzp+z

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

Figure 5-4: KD-IAM unit-cell.

5.3.1 Application of Bloch’s theorem

The displacement of a DoF at a certain position 2p of the lattice depicted in Figure 5-4, can be

expressed in a complex notation as:

c
N
°

Il

L]zpe/1t =U (2pxl)e!?P (5-41)
with & being the wavenumber and | the length of the unit-cell.

Utilizing Bloch’s theory, the propagation of elastic waves between the unit-cells can be described by
considering the interaction of displacements and forces, as detailed in the analysis of the previous

section. By taking into consideration the spatial part of the solution, this is expressed as:

u,, =Uei2P* (5-42)
Uy, = Uy e /2 (5-43)
Uppio = UZpejZKI (5-44)
Uy, = Upel?Pe (5-45)
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j2xl
Uppa = Uppy e’ (5-46)

Assuming the case without damping, substitution into the equations of motion of the unit-cell leads

to:
mBme4 —[mgky + (7K, + kD)mD]a)z +y(kky +koky)=0 (5-47)

where again y=2(1 — cos q) for q= 2«xLand k, =k, +k . Setting A=a’, Eq. (5-47) can be

written in the form of Eq. (5-21), while the parameters A, B,C are defined as follows:

A=1 (5-48)
B:_[(l"’/'ls)a)é +7w52,3] (5-49)
C = ywiw? (5-50)

while the following characteristic frequencies and parameters are:

k k m
a)B = _0 , wS,B = s , /,{B :—D (5_51)
mB mB mB

As a following step, the dispersion relations are given by the two solutions A4, 4, of Eq. (5-21),

resulting in the upper @, (q) =\/Zand lower @_(q) = \/Z branches, respectively.

The dispersion relations are 27 /1 -periodic in the wavenumber space; therefore, w(q)= o(q+27).
Furthermore, considering the irreducible Brillouin zone, the two-characteristic high (@, ) and low

(e, ) frequencies of the generated bandgap can be calculated as:

oy =0,(0=0)= oy \1+ 1y = w0y pg1+ p (5-52)

1
o =0 (4=7) =$J(4w§,s + o) — (4o’ (5-53)

where p; = w,@; . In addition, for the case where zero damping wave propagation is completely

prohibited, the “central” frequency of the bandgap is calculated as:

Wy Py

a)oo
1_'<N[1+ K“Jms . (5-54)
KD KD

The above frequencies can be used to tune the meta-structure according to the requirements of a

specific application and to define the normalized bandgap width bw .
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5.3.2 Transmission loss of the KDamper-IAM metamaterial

For the case of M number of unit-cells, the equation of motion of the KD-IAM metamaterial is

expressed in matrix formulation as follows:

unit-
M metakD—1AM U(t) + CmetaKD—IAM U(t) + K metakD—-1AM U(t) — f (t) (5_55)
where M::KD?IAM, :;:‘KDAAM, ;::\KD?IAM U Up U, Foy and p=2M +3 is the number of degrees of
freedom of the metamaterial.

m m; |y my my

f(t)

L, Us C . L, UM+2

Figure 5-5: KD-IAM acoustic metamaterial finite lattice.

K metakD-1AM ) and stiffness

M metakD- 1AM )

In the case of a single unit-cell, M=1, the mass ( , damping (

(M ™PAY) atrices are the following:

m* 0 0 O 0
0O mg 0 O O
M meKD-IaM | 0 m, O 0 (5-56.a)
0 0 0 mg O
| 0 0 0 0 m*]
k*  —k* 0 0 0 ]
-k kg +kp+k* Kk, —kKs 0
| metaKD-1AM _| K, Ky, + ko —ky, 0 (5-56.b)
0 —kKs —ky ke +ky +k* —k*
0 0 0 —k* k*
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(5-56.c)

T
Il
O O O o k-

ForM > 1, the above matrices of the single unit-cell, are formulated appropriately. Therefore, the
transfer functions of each degree of freedom to the excitation may be calculated via the following

expression:
TF metaKD—1AM — (_a)Z M metaKD—1AM + JC metaKD—1AM + K metakKD—1AM )—1 F (5_57)

Figure 5-5 demonstrates the finite lattice of the meta-structure where the KD-IAM unit-cells are
enclosed by the masses m* and the spring elements k*. This modelling technique is required to
simulate the effect of the radiating surface and consequently, to accurately calculate the STL. The
acoustic performance is subsequently evaluated for various numbers of unit-cells. In other words, a
sandwich panel is simulated instead of a simple chain and the “In-series” approximation (chapter 2) is

adopted to calculate the corresponding STL as follows:

1
QT metakD- 1AM _ 20|0g10 (_) (5-58)
T
where,
2 2
z_metaKD-IAM =11 (460 po} 1 | (5 59)
— x 3 20 )
\ox ‘(-a)zm*-i—k *)(1—TFZI)‘ ’

oly the integral over

are the dimensions of the radiating surfaces, p, the air density, IW)

hemispheric surface and TF,, =TF(2) / TF ().

5.4 Numerical example

In this section, an examination of the KD-IAM concept is presented aiming to evaluate the low-
frequency acoustic performance of the meta-structure. The values of the KD-IAM parameters are
tabulated in Table 5-1 and are obtained after an optimization procedure. The aim is the selection of
optimal values for the KDamper and IAM elements in order to obtain the maximum possible STL
performance, especially in the resonance region of the system and undertake a comparison with the

initial case where the plate is simply supported on its edges. Relevant information about the
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optimization procedure can be found in chapter 4. The panels enclosing the periodic KD-IAM structure

are assumed as conventional plasterboards, the properties of which are summarized in Table 5-2.

Table 5-1: Values of the optimized KD-IAM parameters.

fi[Hz]  fkoaam [Hz]  ko[N/mm]  ks[N/mm]  ke[N/mm]  kn[N/mm] U n KN mg[kg]

100 25.1 1.405x10°  4.121x10°  1.581x10° -1.02x10° 0.01 0.1 -0.679 3.49

Table 5-2: Plasterboard properties.

pp [kg/m3] Lx [m] Ly [m] hp [mm] Ep [MPa] ve o

668 1.2 2.4 6.3 2900 031 0.01

Figure 5-5 (a) depicts the bandgap frequencies of the irreducible Brillouin zone for the selected
geometry and parameters where f, =163.2Hz and f, =56.67Hz, corresponding to a normalized
bandgap width b, =1.89Hz . Accordingly, Figure 5-5 (b) demonstrates the acoustic performance of

the sandwich panel based on the periodic repetition of KD-IAM unit-cells.

It is observed that, the depth and width of the attenuation band are not significantly affected, as far as
the STL performance is concerned. However, despite the choice of lower loss factor, the emergence of
meta-damping improves the response around the characteristic frequency f,, which can be very
important for certain applications. In the context of the present investigation, it is demonstrated that
the physical mechanisms of the KD-IAM concept that provide this extreme attenuation band are
present even for a single unit-cell, meaning that, at least in this specific case, the added manufacturing

complexity for multiple unit-cells could end up unnecessary.
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Figure 5-6: Performance of the KD-IAM periodic structure. (a) Dispersion curves: irreducible Brillouin zone. (b) STL
for various numbers M of unit-cells.

5.5 Indicative implementation for Meta-panel designs

5.5.1 KD-IAM Meta-structure design

Figure 5-7 shows a feasible conceptual design of a meta structure panel for M=1 number of unit-cells.
Naturally, the various parallel KD-IAM elements can be divided according to the number of positions
and are chosen to be positioned on the surfaces of the panels. The rationale behind the quantity of
each element lies on the required properties that should be realized, the constraints that apply due to
their dimensions, and the requirement of an adequate number of supports in order to achieve a
uniform pressure distribution on the surface of each panel. Specifically, sixteen (16) negative stiffness

elements are utilized, eight (8) at each panel, and two (2) k;, springs are located on top of each
negative spring. Concerning the Kk, springs, a total number of thirty-two (32) elements is prescribed,

divided accordingly for each of the two panels. Lastly, fifty-four (54) IAMs are employed in order to

achieve the required amplification.

The material of the positive springs (ks and k; ) is envisaged as acrylonitrile butadiene styrene (ABS), a
material that can be used in conventional 3D printers. On the other hand, the negative stiffness
springs and the amplifiers are made of steel. The ABS material is modelled as linear elastic-perfectly

plastic, with Young's modulus equal to E =1740MPa, yield stress &,y =27.8MPa , and mass density

yield
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equal to p=1100kg / m®. Steel is modelled as linear elastic-perfectly plastic with Young's modulus

equalto E=210GPa, yield stress o, =275MPa, and mass density equal to p =7800kg / m®.

To enable simple fabrication in a single material system without the need for a complex assembly, the
positive springs are implemented as arches. The shape of the semi-circular arches implementing the
springs are chosen to allow large strains in the linear regime without yielding or buckling. Clearly, this

poses a limit on the stiffness of the entire system, as both springs are bending-dominated.

Figure 5-7: KD-IAM meta-structure conceptual design.

The width and thickness of all the elements is properly adjusted to result in the desired stiffness,

which was initially calculated based on Eq. (5-60) and (5-61) (Guell Izard et al., 2017).

3
k, =1.38EW1(:—1J (5-60)
1
t 3
ks =0.46Ew, [—3] (5-61)
R3

The geometry of the positive springs is depicted in Figure 5-8 (a) and the relevant geometrical

parameters are provided in Table 5-3.

(b)
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Figure 5-8: Geometry of the (a)Ks and Ky springs, (b) of the IAM, (c) of the K, springs.
In order to verify the simple analytical models, Finite Elements (FE) simulation is conducted employing
the commercial software ABAQUS". The springs are modelled with solid elements and a RIKS post-
buckling analysis is performed. Snap-through behavior and buckling are two examples of models that
may become statically unstable. Riks Analysis is a special method to capture the behavior after the
instability The load-displacement curves for these springs are presented in Figure 5-9 (a) and (b), along
with the results of the FE predictions. In both cases we may observe that all springs remain in their

elastic regime for less than 3mm deformation, which is deemed as adequate.

Table 5-3: Positive springs parameters.

v tmm]  R[mm]  w[mm] | [mm] Stiffness / Number of Stiffness /
spring [N/m] springs / panel panel [N/m]

K, 3 20 9 40 2.4x10* 16 4.32x10°

k, 3 8 5 32 9.9x10° 16 1.58x10°

140 ; ; : : : '
—— FFE (ks = 2.55 10* N/m) | ——FE (kp = 1.04 10* N/m)
120l Izard et al. 2017 (kg = 2.4 10* N/m) | solb Izard et al. 2017 (kp = 9.9 10° N/m)
100 40 F
80 + A
Z.30
60 | -
20
40
50l 10
0 L 0
0 1 2 3 4 5 6 0 1 2 3 4 5
s [mm] s [mm]
(a) (b)
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Figure 5-9: Load — displacement curves of the springs (a) Ks (b) Ky (c) K,
In this implementation, the negative stiffness element is realized by utilizing inclined pre-stressed
beams. The dimensions of the selected beams are depicted in Figure 5-9 (c) where three (3) ABS
spacers connect the two (2) steel blades and force the beams to buckle at the required locations.
Again, FE RIKS analysis is performed to capture the snap-through behaviour and the load-displacement
curves. The range of the vertical displacements where the disk exhibits the desired negative stiffness
characteristics is centred around the flat position of the beam where the exerted force and the
stiffness attains its maximum negative value. In order to achieve the required negative stiffness value,

with the geometrical properties presented herein, eight (8) springs with k, /8=-1.35x10[Nm™]

have to be configured.

The mass m, of the IAM has an amplification factor (cot®@+1) . Therefore, for realization of the IAM a
combination of (m,,#) needs to be selected in order to provide the desired mj;. For this particular

design, assuming structural steel for the material of the IAM and hinged connections as shown in

Figure 5-9 (b), the relevant parameters for the IAM mechanism are summarized in Table 5-4.

Table 5-4: IAM mechanism parameters.

Number of IAMs / Amplified
I [mm] to [mm] W, [mm] ma [kg/IAM] panel mass/panel
20 6 10 0.0156 27 0.42
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5.5.2 Numerical performance of the KDamper-IAM meta-structure

Finally, the performance of the sandwich meta-panel is assessed through a detailed Finite element
vibro-acoustic model. As a simplification, only the transmission side of the air domain is modelled and
the panel is excited by directly applying a blocked pressure (p, =2p,) on its surface (see Figure 5-10).
The acoustic pressure is extracted from the fluid-structure interface nodes and then the arithmetic

average is calculated as follows:

F_)t:

=

Zl| pt,i| (5-62)

where n denotes the total number of nodes; idenotes the node number; and p, denotes the

transmitted pressure. Then the averaged pressure was used to compute the simulated STL by:

STL =20log,, (i} (5-63)
R
The panel is discretized by 20-node quadratic solid hexahedral elements and the fluid domain is
discretized by 20-node quadratic acoustic hexahedral elements. The springs and the amplifiers are
modelled based on the design described in the previous section. The deformed mesh of the
prestressed beam obtained during the RIKS analysis is inserted to the main model to capture the
geometry of the initial deformed state of the negative stiffness element, and the corresponding initial
stresses are selected. Tie constraints are used to simulate the coupling of the fluid-structure interface
and non-reflecting boundary conditions are specified to generate the infinite fluid domain. Lastly, the
discretization of the fluid domain has more than three quadratic elements across the wavelength of

interest to increase the accuracy of the computational results (Marburg, 2002).
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Figure 5-10: KD-IAM meta-structure Finite Element model.

Figure 5-11 presents the results of the FE simulation of the KD-IAM meta-structure with one-unit-cell.
Obviously, in reality the acoustic performance of such a meta-structure is much more complex and
difficult to be accurately predicted. The main reason is the positioning of the various structural
elements between the panels and the panel stiffness. Depending on the selected configuration, the
dynamic response may vary significantly. In this particular case, the frequency range of improved STL
is slightly higher than what was predicted analytically, specifically between 120 and 220 Hz, compared
to the free finite rigid (FFR) panel approximation. In any case, the lumped parameter models of the
acoustic meta-structure provide a reasonable approach for the dimensioning of the various elements
and an estimation of the expected performance. Additionally, a more refined FE model can provide
further insight into the realistic performance of the system, as well as the effect of the configuration

and geometry of the stiffness elements.
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Figure 5-11: STL Performance of the KD-IAM meta structure.

5.6 Concluding Remarks

The vibration and sound properties of a sandwich meta-structure based on the synergetic KDamping
and Inertial amplification concepts is studied. First, the theoretical framework of the periodic structure
is presented followed by a typical case study of a building acoustics application. It is highlighted that
deep and wide bandgaps can be formed in the low-frequency regime. Thus, the KD-IAM is deemed
capable for low-frequency acoustic insulation without the requirement of many unit-cells and any
added complexity that could be entailed in a practical implementation. Finally, the feasibility of the
concept is demonstrated by providing preliminary designs of all the essential parts comprising the KD-
IAM meta-structure. Appropriate technological implementations of this concept can lead to significant
improvements in all types of low-frequency technological applications, with emphasis on low-

frequency noise isolation/absorption.
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6 DYNAMIC DIRECTIONAL AMPLIFICATION
MEecHANISM (DDA) CONCEPT

6.1 Background

As presented in the previous chapters of this thesis, integration of amplification mechanisms to
increase the inertia of the oscillating masses of passive vibration absorbers is of key significance to
enhance the behavior and improve the dynamic properties of existing technologies. To this end,
various inertial and displacement amplification mechanisms have been developed and implemented in
numerous engineering fields. From sensors and electromechanical signal amplifiers to Tuned Mass
Dampers (TMDs) and other vibration control devices the idea of mass amplification has long been
considered by a great number of researchers. A detailed literature review of such amplification

mechanisms is provided in chapter 1 of this research work.

In the concept of vibration control, inertial amplification was initially introduced by Smith (2002). The
so called inerter, takes advantage of a levered mass mechanism and generates an additional force that
is proportional to the acceleration between the two, inerter connected points. Subsequently, the
system was used in passive absorbers (e.g.,, TMDs and NS mechanisms) to increase their damping
properties. The concept of mass amplification has been also considered as a method to enhance the
vibration attenuation and filtering properties of phononic and locally resonant metamaterial lattices.
One of the first studies included lattices with levered amplification mechanisms (Yilmaz and Kikuchi,
2006). Later, experimental tests indicated the existence of large bandgaps that extend to the low-
frequency domain (Acar and Yilmaz, 2013), providing insight into a new promising class of inertially

amplified metamaterials.
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In this Chapter, a novel Dynamic Directional Amplifier, namely the DDA mechanism, is introduced as a
means to artificially increase the resonating mass of an oscillator, with no requirement of complex
geometries and heavy parasitic masses. The mechanism’s rationale lies in the dynamics of a system
that is subjected to a holonomic constrain (Udwadia and Kalaba, 1995, 1992); the vibrating mass is
fixed to a simple rigid link that increases inertia towards the desired direction of motion by coupling
the kinematic DoFs of the resonating mass and forcing the oscillator to move through a prescribed
circumferential path. Analysis is undertaken, and results indicate the beneficial effect of the DDA to
the dynamic response of the system (transfer functions), when compared to the initial single degree of
freedom (SDoF) oscillator. A simple experimental set-up is presented along with parametric shaking-
table testing results for various DDA angles; results validate the analytical framework and showcase
the efficiency and applicability of the mechanism. It is clearly shown that we can enhance the
performance of dynamic structures while retaining mass requirements and complex configurations to
a minimum level. The simple geometry and uncomplicated structure of the DDA allows its application

to real life structures, as a vibration control mechanism.

6.2 Maechanical design of a DDA mechanism

The DDA mechanism is a simple structure with main features the mass amplification and the diversion
of the output motion of the oscillating mass. The physical model of the DDA is shown in Figure 6-1 and
comprises the two links AC, A’C’, which are welded to the axle along A-A’. In this way, the links are free
to rotate and consequently, the panel (mass) attached to the links follows the same rotational
movement. The mounting conditions of the bearing shafts are not depicted in this figure; however, it
is assumed that they are fixed to a rigid base. A vertical and a horizontal spring provide the necessary
stiffness to the system, and the rigid panel (mass) is excited by an applied force (F) towards the y-
direction. By all means, other realizations are also feasible; e.g., the entire system could be
monolithically manufactured as a compliant structure with flexure hinges (Chen et al., 2012).However,
it is deemed at this point that the adopted mechanical design fits better the requirements and

purpose of the study.
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Figure 6-1: 3D realization of the considered Dynamic directional amplification (DDA) mechanism.

6.3 Equations of Motion and Transfer Functions

The Cartesian coordinate system is established as shown in Figure 6-2. Connecting the mass to the
origin of the local coordinate system (CSYS) via a hinged, rigid rod of length AB=L which is assumed to
be massless for the purpose of this analysis, imposes a kinematic constraint between the DoFs U and
V. The lumped parameter model is described by the coordinates of the mass (m) at a generic position
B(x, y)=(xotu, yo—v), where xo, yo are the initial coordinates of the mass. The initial angle between
the horizontal axis and the link is denoted by ¢ =arctan(x, / y,) , while 8 denotes the rotation of the
rod at the generic position B of the moving mass. Ky, ky are the springs stiffnesses, €, €, the damping
coefficient on the horizontal and vertical directions respectively, and F the force exciting the mass in

the x direction.
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(a) (b)

Figure 6-2: Kinematic model of the Dynamic directional amplification (DDA) mechanism, where the motion of v

mass m is kinematically constrained to the motion u, (a) initial mass position (b) mass position at deformed state.

Based on the geometric relationship of the DDA mechanism, the following equation is obtained:

X, =y L2y, (6-1)

When the point B moves along x direction with displacement U, a coupled motion v along the y

direction will occur. Hence:

X7 +Y,2 = (% —u)’ +(y, +V)? (6-2)
To obtain the displacement of point B, Eq. (6-2) can be simplified and rewritten as:

u? = 2x,U +2y,v+v? =0 (6-3)
The solution of which is:

V= -y, taf—U +2ux, +Y,° (6-4)

It is observed from Eq. (6-4) that the relationship between the horizontal and vertical displacement (u,
V) is nonlinear. For small displacements of the mass m the relationship between u and v (at u=0) can

be expressed after linearization as:

u_dx, B Yo _ Y_ 1
V:ﬁ—a(\“—z_yoz)__ﬁ__x_z__m (6-5)

And for p=tang Eq. (6-5) becomes:

v=up (6-6)

The negative sign indicates that a decrease of U results in an increase of v.
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6.3.1 Dynamic modelling of the DDA mechanism
Let T be the kinetic energy of m as follows:

1 .,
T =Em(u +V7) (6-7)
Substituting Eq. (6-5) into Eq. (6-7), the kinetic energy can be rewritten as:

1 .2 2
T =Emu (1+tang) (6-8)
Similarly, the potential energy (U) is written as:

1 1 )
] =EkX(LX—LX0)2+Eky(Ly—Lyo)2 (6-9)
Where
L, = \/)(2 +v2 = \/(Xo —u)2 +v? (6-10)
L, :\/u2+y2 =\/(y0+v)2+u2 (6-11)

Substituting Egs. (6-10)-(6-11) into Eq. (6-9), and assuming that Lx=Xoand Ly,=Yo the potential energy

(U) is the following:

U =2k (6 -0+ Utang)7 =)+ -k, (e -0 +07 -y, )

The Rayleigh dissipation function of the mechanism is given as:

2

D= Lo, (ou 07+ wiangy x,) +§cy(m—yo)z

By employing the Lagrangian equation,

E[&(T—U)}_&(T—U)JFQZQ

dt oG, oq; aq

the governing equation of the DDA mechanism in the direction of motion is given as follows:

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

and the natural frequency of the mechanism is given as:

(6-12)

(6-13)

(6-14)

(6-15)
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1 [@+p*)m
f, =—/— 6-16
PR 2wk + kP (6-16)

It is noted that the angle ¢ will affect the natural frequency of the DDA mechanism, while for kx=ky

the natural frequency of the mechanism is the same with an equivalent SDoF system.

The damping coefficient (C) of the modified system can be calculated as a function of the damping

ratio {n, and can be written as:
C =47rmfn,DDA(§x +§yp2) (6-17)
6.3.2 Transfer functions of the DDA mechanism

The system can be characterized as an oscillator with one apparent DoF, taking into account Eq.
(6-15). With the application of a Laplace transform the transfer function of the dynamic magnification
factor can be expressed as:

a k, +k,p?

Hux - GST - _m(1+p2)w2 +(CX +Cy,02)ja)+(kx +kyp2) (6-18)

Another common way to express the amplitude of the response of the system to the amplitude of the
excitation is in terms of acceleration to force. Namely, integrating this transfer function twice results

in the following:

B —m(1+ pz)a)2 +(CX +Cyp2) ja)+(kX + kypz)

N

AFX —

'I'Iz| =

(6-19)

In the case of base excitation of the system ag (t) = Aﬁeim the transfer functions of the system are:

o0 m(1+p°) (6-20)
A —m(1+p2)a)2+(Cx+cyp2)ja)+(kx+kyp2)

and

T X I
= uBx — _m(1+p2)w2+(CX+Cyp2)ja’+(kx+kyp2)

o

TABx = AB

The transfer functions on the y direction can be easily calculated based on Eq. (6-6) as:
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Hy, H,
T T
~AFy =p ~AF>< (6-22)
-IZU By H UBX
ABy H ABX

6.3.3 Parametric Investigation of the DDA mechanism properties

Prior to the main analysis it is worth examining the mass amplification 1+ tan® @ as a function of the
amplifier’s angle (¢). Figure 6-3 displays that for small angles i.e., less than 45°, the mass is amplified
less than two (2) times, while for further increase of the angle, the amplification increases

exponentially; for ¢=75° the mass is amplified 15 times.

20

Amplification

O T T T 1

0 20 40 60 80
? ()

Figure 6-3: Mass amplification as a function of the DDA angle ¢(°).

Subsequently, numerical simulations were performed to study the response of the DDA mechanism
based on the magnification factor (Hu) and accelerance (Tar). The analysis parameters are the
following: mass equal to m=0.89kg, spring stiffness kk=500N/m and damping ratio {x =0.2. These are
selected in accordance with the parameters adopted in the experiment, as described in section 0 of

this chapter.

Figure 6-4 (a) and (b) depict the surface plots of accelerance (Tar) and magnification factor (Hy), as a
function of the spring ratio (ky/ky), assuming that the amplification angle is equal to ¢=75°. As
expected, when ky is absent, resonance shifts to lower frequencies while when ky is utilized, the
system becomes stiffer and the resonant frequency increases parabolically, as ky is a function of tan?
@. In Figure 6-4 (c) and (d) the transfer functions are plotted assuming the case that the vertical and
horizontal springs have equal stiffness (ky/kx=1). This allows an illustration of the effect of the

amplifier’s angle (@) compared to the original SDoF oscillator. It is observed that for both transfer
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functions, the resonant frequency is not affected by the amplifier’s angle and remains the same with

the SDoF system.
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Figure 6-4: Surface plot describing (a) the Frequency response of accelerance (FRF) as a function of the spring’s
stiffness ratio kylkx=0-2, p=75° and (b) the magnification factor H as a function of the spring’s stiffness ratio Kylkx=0-
2, p=75°. (c) Frequency response of accelerance (FRF) and (d) magnification factor H for stiffness ratio kylky=1 and
=30, 45, 75° compared to the SDofF oscillator. (e) Frequency response of accelerance (FRF) and (f) magnification
factor H for stiffness ratio kykx=0 and ¢=30, 45, 75° compared to the SDoF oscillator.
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However, as the angle (p) increases, accelerations are drastically reduced, while displacements follow
the same pattern with the SDoF system regardless of the amplifier’s angle (¢). In Figure 6-4 (e) and (d)
the spring stiffness ky is set to zero (k,=0), and consequently, as described in Eq. (6-16), the resonant
frequency of the DDA is determined by the mass amplification (1+p?). Ultimately, the mechanism
functions as a classic vibration controller; the increase of the amplifier's angle leads to a lower

resonant frequency which provides isolation both in terms of acceleration and displacements.

Figure 6-5 illustrates the collateral effect of the out of plane movement of the mechanism. Once
again, the transfer functions are presented for two different spring ratios; ky/ky=1 in Figure 6-5 (a) and
(b), and ky/k«=0 in Figure 6-5 (c) and (d). As described in Eq. (6-22), for large amplifier’s angle (such as

@=175°) the out of plane accelerations and displacements are larger than those in the direction of

interest.
4 - 10 -
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? 8 - R
N 3 6 1 o °
R o -.
E : 4 N a... .0
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Figure 6-5: (a) Frequency response of accelerance (FRF) and (b) magnification factor H for amplifiers angle p=175°
and kylk«=1. (c) Frequency response of accelerance (FRF) and (d) magnification factor H for amplifiers angle
©=75° and ky/kx=0.
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Nonetheless, this should not be considered as a discouraging aspect of the DDA, but rather as an
essential attribute that should be carefully examined based on the application of interest and other
case dependent restrictions. Specifically, regardless of the spring ratio, the out of plane accelerations
are always reduced compared to the ones of the SDoF oscillator, while at the same time the maximum

displacements may present an increase, especially for the case of large amplifier’s angles.

Obviously, the plot of the SDoF transfer functions along with the out of plane DDA transfer functions
should not be considered for direct comparison, as the results refer to different movements, yet this

graphical representation allows a better understanding of the overall performance of the mechanism.

6.4 Experimental setup & testing

The performance of the developed Dynamic Directional Amplification mechanism is verified, and the
developed theoretical models are validated via experimental testing. The configured experimental
setup is presented in Figure 6-6. For the experimental measurements, a PCB 356A16 tri-axial
accelerometer with 10.2 mV/m/s? sensitivity is attached to the seismic mass and a PCB 333B30 single-
axis accelerometer with 10 mV/m/s2 sensitivity is attached on the shaking table to measure the input
motion to the oscillator. The accelerometers and load cells are connected to the computer through
two PCB 480B21 amplifiers and run through an NI CB-68LP terminal connector block to the NI PCI-
6052E PCl card. The recording of the measurements is done via the NI LabView 2013 software, while

the post-processing is carried out using in-house developed scripts on the MATLAB R2018a" software.

DDA mechanizm

PCB 336A16
tr1-gxial acc.

PCE 480B21
amplifier

NI CE-68LP terminal
connectorblock

R

= =
o= >

WVertical shaking table

L =) 1! i)
NI LabView 2013*
software
O 0 O
| ] =] | ]
amplifier

Figure 6-6: Schematic diagram of the experimental setup for the analysis and validation of the dynamic behavior
DDA mechanism.
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Figure 6-7 shows the device with the oscillating mass at the position of equilibrium. The amplifier’s
hinges are constructed using bearings and a shaft rod axis. The rigid links are welded to the axis and
bolted via an L-shaped section with the mass. Regarding the vertical stiffness elements, two springs

are hanged from a stable frame and are attached to the mass through overhangs.

Vertical
springs

mass
bearings

Figure 6-7: Photograph of the DDA mechanism.

6.4.1 Experimental results and discussions

The experimental specimen is fixed on top of a vertical shaking table and a series of sweep tests are
conducted by exciting the base of the mechanism. The response of the mass is subsequently
evaluated by recording accelerations in both x and y directions via the aforementioned sensors. The
adopted oscillating mass is equal to m=0.89 kg and the stiffness of each one of the two springs is equal
to k=250 N/m. No extra damping elements have been added; however, a small amount of structural
damping is expected to take place due to the material properties and the friction developed within the
connections of the device as the mechanism oscillates. Three different amplifier’s angles are tested,
namely ¢=30°, 40°, 60° as well as an additional test without the rigid link to model an equivalent SDoF
oscillator. The displacement amplitude and the frequency of the excitation are controlled by the built-
in control system of the vibration table. For the purposes of the present test, sinusoidal excitations
and frequencies of 2—10 Hz are in turn generated by the shaking table. Results are measured in
voltage within the time domain and are subsequently converted to acceleration based on the
sensitivity of each sensor. Fast Fourier transform (FFT) is deployed to calculate the spectrum at the

seismic base (input) and mass (output) of the device.
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, Where 3 is the measured

Figure 6-8 depicts the Frequency response of accelerance |1:AB| :‘a(s) /é(g)
acceleration of the mass and ag) the acceleration of the shaking table (a) at the x- direction and (b) at
the y-direction, according to Figure 6-2. The continuous lines present the root mean square of
amplitudes values of the experimental data while the markers indicate the measured values for each
one of the three repetitions that were carried out for each amplifiers angle. The experimental results

validate the initial theoretical predictions.

Tapx

Frequency (Hz)

40 1

(b)

[Tasy|

Frequency (Hz)

—— SDOF == DDA - ¢=30° == DDA - ¢p=40° = DDA - p=75°

Figure 6-8: Experimentally measured Transfer functions (Tag) of the oscillating mass in (a) x direction (b) y
direction acceleration to base acceleration of the DDA. The continuous lines show the averaged experimental
results and the markers the measured data of each test.

The comparison in Figure 6-8 (a) with the corresponding Transfer function of the system when the
mass is mounted only on the spring elements (SDoF black line) demonstrates the effectiveness of the

device. The fundamental resonance peak is reduced, specifically at 3.1 Hz which corresponds to a
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19.7% reduction for p=30° and 25.6 % for p=40°. By all means, for larger angles the reduction is much
greater. Additionally, the extreme peak observed at the SDoF response due to resonance has been

diminished and is reduced as the angle (¢°) of the DDA increases.

In Figure 6-9 the experimentally measured Transfer functions for (a) ¢=30° and (b) ¢=40° are provided

and compared with the theoretically evaluated response.

Frequency (Hz)

= SDOF (theor.) X SDOF (exper.) = DDA-x direct. (theor.) % DDA-x direct. (exper.)

—— DDA —y direct. (theor) A DDA~y direct. (exper.)

Figure 6-9: Comparison between averaged experimental results (markers) and theoretically calculated
(continuous lines) Transfer functions (Tug) for (a) p=30° (b) p=40°.

It is clearly shown that the acceleration transmissibility measured from the experimental process and
the one calculated from the analytical solution of the DDA are in overall very good agreement for the

prescribed (¢) angles. Specifically, for ¢=30° the theoretical and experimental response of both the x
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and y accelerations are almost identical. Hereafter, it is concluded that the analytical equations can be

safely used to describe the performance of such an amplification mechanism.

6.5 Numerical example in acoustic panels

Based on the above observations, we can use the proposed amplification mechanism in many
applications. Indicatively, the mechanism can be applied to metamaterials with seismic and acoustic
properties (Kalderon et al., 2022, 2021), to machine bases, anti-vibration false floors, acoustic panels,
etc. Herein, the applicability of the mechanism to acoustic doors is examined in order to increase their

low-frequency acoustic absorption capabilities.

Figure 6-10 (a) shows an ideal implementation of the arrangement. The mechanism is placed inside
the door and is attached to one of the two door leaves. The mass of the mechanism comprises a third,
rigid partition i.e., a steel sheet, the dimensions and characteristics of which are presented in Table
6-1 while the characteristics of the DDA are presented in Table 6-2. It should be noted that the
dimensions of the panel, the stiffnesses of the springs etc., have been chosen in accordance with
products that are commercially available. Finally, the elastic supports are assumed to function only in

the direction perpendicular to the panel.

Inner steel sheet

DDA mount

Figure 6-10: Conceptual depiction of the proposed DDA system of an acoustic door .
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Table 6-1: Steel sheet properties.

Lx[m] Ly [m] t [mm] psteet [KQ/M?] m [kg]

0.9 21 3 7850 44.5

Table 6-2: DDA parameters.

Spring eigenfrequency - fox[Hz] ()

50 60

Figure 6-11 shows the STL diagrams for the two cases of panel supports using Egs. (2-7) - (2-8). For this
specific analysis only the soundproofing properties of the additional steel sheet — mechanism system
are considered. In addition, the STL modelling method is crude in the sense that the partition rigidity is
not taken into account. This also means that the assumed seismic mass is essentially the apparent
mass of the fundamental mode of the partition. However, a common practice towards increasing
partitions stiffness and enhancing the validity of this approximation is the addition of stiffeners to the

panels.

It is observed that the DDA mounting improved the low-frequency sound absorption of the door by
shifting the STL curve upwards, while reducing the fundamental frequency of the system. Naturally,

further increasing the amplifier angle (¢) would further increase the sound reduction index.

80

= Simple elastic mounts

60 == DDA mounts

40 1

—
e

STL [dB]

20 1
Structure

eigenfrequency

0 50 100 150 200 250 300
Frequency (Hz)

Figure 6-11: STL comparison between the enhanced acoustic door with a DDA mechanism and the one with a
simple elastic support system.
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6.6 Concluding Remarks

In conclusion, this study demonstrates a novel Dynamic Directional Amplification mechanism, namely
the DDA, that aims to increase the inertia and enhance the dynamic properties of vibrating structures.
The major innovation of the application lies in the simple geometry of the proposed system; the
vibrating mass is fixed to a rigid link that increases inertia towards the desired direction of motion by
coupling the kinematic DoFs of the resonating mass and forcing the oscillator to move through a

prescribed circumferential path.

An analytical framework is introduced, providing the theory and mathematical formulation of the DDA
mechanism. Transfer functions are derived, and a parametric analysis is subsequently undertaken to
evaluate the effect of stiffness and amplifier’s angle to the dynamic response of the oscillating mass.
As a following step, the performance of the developed mechanism is verified, and the developed
theoretical models are validated via shaking table experimental testing. Results indicate an overall
agreement between the measured and analytically derived calculations, hence placing the concept as

a compelling alternative to inertial amplification devices.

The key novelty of the DDA lies in its simple geometry and easy-to-apply structure. To this end, the
proposed framework is studied in the following chapters as a means to improve the filtering

properties of locally resonant and phononic metamaterials.
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7 DYNAMIC DIRECTIONAL AMPLIFICATION (DDA) IN
PHONONIC METAMATERIALS

7.1 Background

Phononic structures with unit-cells exhibiting Bragg scattering and local resonance present unique
wave propagation properties at wavelengths well below the regime corresponding to bandgap
generation based on spatial periodicity. However, both mechanisms show certain constraints in

designing systems with wide bandgaps in the low-frequency range.

In this Chapter, a simple dynamic directional amplification (DDA) mechanism is proposed as the base
of the phononic lattice to face the main practical challenges encountered in such cases, including
heavy oscillating masses. This amplifier is designed to present the same mass and use the same
damping element as a reference two-dimensional (2D) phononic metamaterial. Thus, no increase in
the structure mass or the viscous damping is needed. The proposed DDA can be realized by imposing
kinematic constraints to the structure’s degrees of freedom (DoF), improving inertia and damping on
the desired direction of motion. Analysis of the 2D lattice via Bloch’s theory is performed, and the
corresponding dispersion relations are derived. The numerical results of an indicative case study show
significant improvements and advantages over a conventional phononic structure, such as broader
bandgaps and increased damping ratio. Finally, a conceptual design indicates the usage of the concept
in potential applications, such as mechanical filters, sound and vibration isolators, and acoustic

waveguides.
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7.2 Bloch analysis

The periodic structures considered in this chapter of the dissertation, comprise a finite number of
identical unit-cells. These unit-cells are the repetitive units that are used to describe the
microstructure. If the unit-cells are inhomogeneous, i.e., made up of different masses and springs, the
corresponding structure is periodic, whereas, with a homogeneous unit-cell, the structure is also
homogeneous. This structure is named phononic and the general properties of such a structure are

described in Appendix D.1.

7.2.1 Bloch’s Theorem

Bloch’s theorem (1929) allows considering a single unit-cell for studying wave propagation in the entire
lattice structure. The displacement of a DoF at a specific position of the lattice may be expressed in a

complex notation as:

U(p,q) :Up'qe“ :UeJ(praXWKyay) :UeJ(pqx+qqy) (7-1)

Where U is the wave amplitude, K, K, the wavenumbers along the horizontal and vertical directions.
In the time part of the solution, the parameter As is defined as Ay =+ ja, (), or in the case where the
attenuation between the unit-cells is considered A =—( (k) (k) £ jo, (), where A represents

the branch number, ¢ (x) is the wavenumber-dependent damping ratio andag(x) is the

wavenumber-dependent frequency (dispersion relation). As a result, the imaginary part is the

frequency of the damped wave propagation, @y (x)=Im[4(x)], and the damping ratio is calculated

as:

_ Rel4 (0)]

gs(K)z Ms (K)|

(7-2)
7.2.1.1 Simple 2D Monoatomic Lattice

The establishment of the theoretical framework begins considering the simple damped 2D

monoatomic lattice of Figure 7-1, where mis the mass, K, kythe springs stiffness and ¢,, C, the

viscous damping elements connecting the masses. In general, if the model’s material is linearly elastic
and geometric nonlinearity is disregarded, the deformation and interaction between the horizontal
and vertical springs are assumed to have a negligible effect on the stiffness of the springs. Therefore,

the deformation of one spring does not affect the stiffness of either spring, hence, the stiffness
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parameters of springs can be deduced separately and are considered independent of the deformation

level.

q+l

n, - E +1
. Pl P p

Figure 7-1: 2D monoatomic lattice.
The set of equations that describe the harmonic motion of a typical unit-cell at location p, g can be

expressed as:
M, 4K Uy g = Uy )+, (U g —Upq )+ K (U —Up.pq) =0 (7-3.3)
MYy o +K, (Vo g =Vpea) +Cy (Vp q+1) +K, (Vo =Vp i) =0 (7-3.b)

According to Bloch’s theorem, the following wave propagation conditions are imposed to relate the

displacement of the mass at location p, q with the displacements of the neighbouring masses:

=U eJ'kxpaxﬂ'kyqay et — Up'qequxﬂqqye/n (7-4.2)
up—l,q =Up’qejkx(p—1)ax+jkyqay et — Upyqej(p—l)qquqye/u — up’qe—jqx (7-4.b)
up+]_,q — Up'qejkx(pﬂ)awjkyqay et — Up’qej(p+1)qx+jqqyeﬂt — up’qe—jqx (7-4.c)
Vg =\7p’qe1k x Pay +Jkyqa =V qequxﬂqqyeﬂt (7-4.d)
Vp,qfl =\7p’qe1k xPay+ jky (q—l)a \7 Jpqx+j(q—1)qyest =Vp‘qe—jqx (7-4.)

Voqu \7 Jky pay+ jky (q+1)a \7 Jpqx+j(q+1)qye,1t :Vp’qejqx (7-4.9)
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where Up,q, \7pyq are the wave amplitudes at nodes p, q. Then, «,, @, are the unit-cell dimensions

and Qx, Oy are the normalized wavenumbers in x, y directions.

Substitution of Egs. (7-4) and their derivatives into Eqgs. (7-3) and utilization of the trigonometric

transformation B=2-¢" +e™)=2(1-cosq), leads to the following compact matrix notation:

where

(-A*M + AC + K)u=0

(7-5)
M:{m 0} (7-6.a)
0 m
« _| 2K (d=cos(a,) 0 (7-6.b)
B 0 2k, (1-cos(q,) h

u
u :{ ""‘} (7-6.c)
vaq

Assuming for simplicity that k, =k, =k, = Ma,’ and that the system is undamped (¢, = ¢,=0),
allows rewriting Eq. (7-5) in the following non-dimensional form (Hussein et al., 2014).

The dispersion relation describes a surface in terms of the components of the propagation vector.
Figure 7-2 shows a colour map of the dispersion surface, where the third dimension is frequency .
The plot clearly illustrates the periodicity of the surface in the wavenumber domain and highlights the
“first Brillouin zone” (2013) T-M-X-I and [X-XM. The fundamental period is defined by

q,, a4, €[-7, + 7]

o” =2a; (2—c0sq, —C0s(q,) (7-7)
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Figure 7-2: Dispersion surface of the 2D spring—mass lattice with spring stiffness, Kx, Ky.

7.2.2 2D monoatomic lattice with Dynamic Directional Amplifiers (DDA)

Once the equation of motion of the DDA is formulated, the properties of directionality in a lattice

comprising of masses connected to DDA mechanisms, as in Figure 7-3, can be investigated.

p+l

Figure 7-3: Unit lattice of a 2D periodic kinematically constrained system of masses.

By setting p =tang, the coupling of u, v DoFs is expressed as:

u 1

u:{ prq:|:|: :|up’q (7_8)
Voa P

Then, by the left and right multiplication of the dynamic equation of motion with the eigenvector:

2’Q"MQ+AQ"CQ +Q"KQ)u=0 (7-9)
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the generalized expression is obtained for the calculation of the dispersion relations. Again, for the
case of an undamped system, the existence of non-trivial harmonic plane-wave solutions requires

that:

—w’m, + 2k, (1-c0sq,) + 2w’ sin” p(1-cosq,) =0 (7-10)

where m, =m(l+ p*) and k,, = p°k

-
Defining @’ =k, / m, Eq. (7-10) is simplified to:
—” + 20, c0s* p(1-c0sq, ) + 2w,” sin® p(1—cosq, ) =0 (7-11)

Figure 7-4 (a)—(e) shows the contour plot of the phase constant for coupling angles ¢(°)=15 to 75. This
representation is particularly convenient as it allows visualizing the direction of the energy flow from
evaluating the perpendicular directions to the iso-frequency lines. An example of the unit-cell’s iso-
frequency lines is provided as a key in Figure 7-4 (a). The dispersion curves are plotted in Figure 7-4 (g)

in the NX-XM domain against the normalized frequency f / f.,, where f., =@, /27 . As expected,

increasing the coupling angle ¢(°) between the two springs reduces the maximum frequency on the

dispersion curve on the I'X plane and increases it on the dispersion curve on the XM plane. In this
regard, this simple lattice configuration shows interesting characteristics. The energy flow in the case
¢(°)=15, occurs at both planes. Further increasing this angle, wave propagation occurs mainly in one
plane. The phenomenon, where wave propagation at a certain frequency is restricted to only certain

directions, denotes the directionality of the periodic structure.

(a) (b) (c)
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M
&(°) =45
(%) = 60
N=30 —o°)=75

(e) (f) (g)

Figure 7-4: Dispersion surface of the 2D monoatomic lattice of periodic kinematically constrained DoFs with
spring stiffness, kx = ky . (a) p(°) = 15, (b) ¢(°) =30, (c) ¢(°) =45, (d) p(°)= 60, (e) p(°) = 75 and (f) dispersion
curves.

7.2.3 2D Phononic Lattice with Dynamic Directional Amplifier (DDA)

7.2.3.1 Wave Dispersion Analysis
The infinite mass—spring—dashpot lattice with the DDA of the phononic metamaterial is depicted in

Figure 7-5. The lattice is no longer homogeneous due to the presence of two different masses

m_andmg . K. k,,m_ and mgform the structural backbone of the lattice, where the angle ¢(°)

X1 Ny
determines the amplification angle generated by the rigid links. The components C,, C, of the viscous

damping are expressed in terms of the actual to critical damping ratios ¢;, from the relation

& =c¢ 1(2mk,). Considering the case of the lattice under harmonic excitation at a frequency lower

than the resonance frequencies of the amplification mechanisms, then the relative motion of the

structural nodes will cause amplified motion for the masses m, generating amplified inertial forces.

Then, the wave propagation characteristics of this lattice are determined from the irreducible unit-cell
via Bloch’s theorem. The equations describing the harmonic motion of a typical unit-cell at a location

p, g without the directional amplifying mechanism can be expressed as:

le.J.z p.2q +C (uZp 29 l']2 p-1,2q ) +C, (uz p.2q l']2 p+1,2q ) + kx (uz p.2q u, p—l,Zq)

(7-12.a)
+k, (U )=0

2p.2q 2p+1 2q

m VZp 2q +C ( 2p,2q VZp,Zq—1)+C ( 2p,2q V2p,2q+1)+k (VZp 29 2p,2q—1)

(7-12.b)
+ k (V2p 2q 2p,2q+1) =0
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mp U

mp V.

+k, (v

2p+1,2q

2p+,2q

2p+1,2q +C, (uz p+1,2q

+ kx (U2 p+1,2q U, p+2,2q) =0

+ Cy (V2p+l,2q -

\Y

2p+2,2q ) + kx (uz p+1,2q u, p,zq)

v, p+1,2q—1) +C, (

2p+1,2q+1) =0

(7-12.¢)

(7-12.d)

Figure 7-5: 2D phononic lattice with dynamic directional amplifiers (DDA).

For each of the systems of Eq. (7-12), assuming a plane—wave solution leads to the following relations

between the DoFs of the lattice:

_ —Jax
Uzp1,29 = Uppia,26€ (7-13.a)
u =u, . el 7-13.b
2p+2,2q 2p.2q (7-13.b)
e 7-13
_ -13.¢c
V2 p,2g-1 _V2 p+1,2qe 2 e 2 ( )
ey 7-13.d
V2p,2q+1 :V2p+1,2qe 2 € 2 ( T4 )
S 7-13
_ -13.e
V2p+1,2q—1 _VZp,qu 2 e 2 ( )
55 7-13.f
Vapitzqir = Vap2q€ © € 2 (7-131)
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Substituting these relations into the equations of motion and incorporating the conditions for unit-cell

periodicity yields four homogeneous equations, which written in matrix form, are presented as:
MpU+CpU+Kpu=O (7-14)

Finally, the system with the amplified masses m,, can be calculated by multiplying M ;,C and K by

the transformation matrix Q.

The dispersion relationship of the phononic structure with directional inertial amplifiers is given by:

det[-2’M,+AC,, +K,.]=0 (7-15)
where

M,.=Q:M,Q; (7-16.a)
C,.=QrC:Q, (7-16.b)
K,a=QrKoQp (7-16.c)

The band structure of the infinite lattice is obtained through solving Eq. (7-14) for the lattice without

the amplification mechanism, and Eq. (7-15) for the lattice with the amplification mechanism.

7.3 Transfer functions of the DDA Enhanced Phononic structure

Since the phononic lattice of Figure 7-5 is described by a series of discrete mechanical elements, the
profile of the propagating waves is captured by the discretized displacement. Consequently, the

equation of motion of the metamaterial, for M, x M, number of units is expressed in matrix

formulation as:
MLU(t) + Cu(t) + Ku(t) = Fe™. (7-17)

where M C K U u u Fux; and mis the number of degrees of freedom (DoFs) of

mxm? ~mxm? mxm ! mx1? mx1? mx1?

the metamaterial. For the lattice without the amplification mechanism, m=2M M y - Similarly, for the
lattice with the DDA, m =3/2MXMy and the global mass[Mﬁa], damping [Cfva] and stiffness

[Kﬁa ] matrices can be calculated as follows:

M?, =QeM7Q, (7-18.a)

Innovative Vibration Absorbers and Metamaterials for Low-Frequency Wave Mitigation



144 Chapter 7

Cy.=QcCrQs (7-18.b)
Ksa=QsKpQq (7-18.c)

For M, =M, =2 the global mass M?va, damping Cﬁa and stiffness K?a matrices are given in

Appendix D.2. For M, =M >2 the matrices of each unit-cell are assembled as in any finite element

analysis to produce the Global matrices of the periodic structure. Assuming that the finite lattice is
excited harmonically at certain input nodes with frequency w, means that the force magnitude vector
F is zero everywhere except in the row or column corresponding to the component of the input node

for which it has unit amplitude. The transfer matrix is then calculated as:
TF:’a = (_SZM:);,a + SC:,;,a + Kg”a)’lF (7-19)
and the frequency response function (FRF) of the metamaterial is defined as:

FRF =20log,, (TF,%)) (7-20)

7.4 Numerical example

In this section, the band structure and the frequency response of the metamaterial described in the
previous section are computed. In theory, the 2D finite lattice presented in Figure 7-6 works as a
passband or stopband filter, where for the infinite case without damping, perfect filtering properties
occur. The parameter values are prescribed such that bandgaps can be obtained in the lower to

intermediate frequency range, namely between 100 and 200 (Hz). Specifically, the masses (m,_, mg),
springs (k, =m, (27z f, )2 Kk, =m, (27z fy)2 and the damping ratios (¢, ¢, ) in the model were chosen
as in the case where damping is considered, according to Table 7-1.

Table 7-1: Model parameters.

me [kg] mo [kg] fox [Hz] foy [H2] & &

1.0 11 100 50 0.02 0.05

In the first case, no amplification mechanism is considered. This baseline configuration is then
compared with the model that incorporates the DDA connected to the masses m,. Subsequently, the
effect of the number of unit-cells along each direction is investigated, followed by the effect of the

amplification angle (¢) in the dynamic damping properties of the lattice. Finally, the location of the
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response point on the lattice is briefly examined based on the frequency response functions in

characteristic nodes of the structure.

7.4.1 Dynamic Amplification Induced Bandgaps

Figure 7-6 (a) corresponds to the considered lattice without the DDA mechanisms and excluding any
damping elements. Figure 7-7 shows the resulting dispersion curves and the corresponding frequency
response (FRF) of the 8 x 8 finite periodic lattices at point A along the x-axis. As expected, there are
four branches and a Bragg gap between them. The observed bandgap is generated between 135 and

141 (Hz) and is generally small since the two masses m, and m, have been selected in such a way that

there is only a 10% difference between them. Naturally, this small band is hardly visible at the FRF, .

RERERER

(a) (b)

Figure 7-6: Structure with My x My unit cells with a periodic loading acting at the right boundary and simple
supports at the left corners (a) without DDA (b) with DDA.
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Figure 7-7: (a) Dispersion curves and (b) frequency response of the 2D phononic lattice without the
DDA along the -X.

Figure 7-6 (b) corresponds to the considered lattice, including the DDA mechanisms. Aiming to
highlight the characteristics of amplification induced phononic gaps in infinite periodic structures, ¢(°)

is varied from 15 to 75. The band structure of the infinite lattice is obtained by calculating

d,andq, from Eq. (7-15). Figure 7-8 (a)—(d) illustrates the “phase constant” surfaces in 3D, where the

z-axis shows the frequency corresponding to each pair of normalized wavenumbers (q,,q, ). Table 7-2

presents the lower and upper limits for the gaps and the normalized bandwidth for the studied cases,

which is defined as:

f—f fo+f
bw:( Uf I)’ fav:( U;_ I) (7'21)

av

where f and f, correspond to the lower and upper bandgap limits, respectively, and f,, is the mid-

gap frequency. The normalized bandwidths are also plotted against angle ¢(°) in Figure 7-8 (e).

Comparing the dispersion surfaces of the baseline structure with the one, including the DDAs, reveals
that the introduction of amplifiers to the lattice plays a critical role in the size of the forming
bandgaps. In addition, the number of dispersion surfaces is reduced to three due to coupling between
the vertical (v) and horizontal (u) DoFs of the amplified mass, revealing a second small partial
bandgap, which is not of interest in the current study. The amplification effect of mass mD is
translated to a gradual “flattening” of the intermediate iso-surface, increasing the distance between

the two surfaces. For example, increasing the amplifiers angle ¢(°) from 15 to 75 leads to an
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approximate 600% increase in the bandgap width, clearly showing the beneficial effect of the DDA on

the phononic structure.

Table 7-2: Lower ( 1), upper ( f,) bandgap limits and normalized gap widths (b, ).

Case fu [Hz] fi [Hz] fav [Hz] bw
Without DDA 141.4 134.8 138.1 0.05
o(°)=15 141.4 131.9 136.6 0.07
o(°)=45 1414 113.2 127.3 0.22
@(°)=75 1414 99.2 120.3 0.35
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Figure 7-8: Dispersion contours of 2D phononic lattice for mi=1.0 kg, mp=1.1kg, fx=100 Hz and f,=50Hz for the
(a) lattice without DDA, (b) the lattice with DDA and ¢(°)=15, (c) the lattice with DDA and ¢(°)=45, (d) the lattice

with DDA and ¢(°)=T75 (e) Normalized bandgap width as a function of the amplifier’s angle.
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7.4.2 Effect of Number of Unit-Cells

In general, the attenuation of the signal in the bandgap frequency range is lower only when a few
units are utilized. Herein, for the sake of comparison, we retain the total mass and stiffness of the
studied undamped lattices while increasing the number of unit-cells. The repetition of unit-cells, as

presented in Figure 7-9 for M, = Myz 4, 8, 12, 16 unit-cells, increases the depth of the bandgap

while bearing a marginal effect on the high-frequency behavior of the system. Figure 7-9 (a) displays
the FRF in the x-direction of the last mass in the lattice (point A) when subjected to a periodic
loading according to Figure 7-6 (a). Additionally, the corresponding FRF in the y-direction is depicted
in Figure 7-6 (b) to display the coupling effect between the two degrees of freedom. In both cases, the
response curves are presented for the parameters tabulated in Table 7-11, and for comparison, the
bandgap boundaries calculated for the infinite lattice are shown with vertical dashed lines. Naturally,

the generated bandgaps are more obvious in FFR, where the DDA is fully activated. Nonetheless,
even in the transverse direction, a significant amount of filtering occurs. For M, = M = 4 the

bandgap is identifiable from the curve in between 99.2 and 141.4 (Hz), yet the attenuation in response
is only marginally larger than the drops being observed among the other resonance frequencies. With
more unit-cells, the metamaterial offers an over 50 (dB) bandgap depth. Thus, for further examination

regarding the behavior of the structure, the number of unit-cells is selected as M, =M, = 8.

50+

-250

50 100 150 200
Frequency [H 2z

Frequency [Hz|

(a) (b)
Figure 7-9: Frequency response (FRF) plot in point A (according to Figure 7-6 of the M, x M y finite lattice,

without damping and amplifier angle @(°) = 75 for (a) x-direction (b) y-direction 2D Dynamic Directional
Amplification (DDA) in Phononic Metamaterials.
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7.4.3 Dynamically Induced Metadamping

Next, as shown in Figure 7-10, the frequency and damping ratio dispersion curves are examined
together with the corresponding frequency response functions of the metamaterial for three (3)
different values of the amplifier’s angle. These describe the usual frequency dispersion curves, which
now are affected by the presence of damping, i.e., a complex frequency is assumed, together with
curves associated with the attenuation of each Bloch mode. Concerning the damping prescription, we
assume dashpots connecting the masses on the horizontal and vertical directions with damping ratios

¢,= 0.02 and {,=0.05. The aim of this investigation is to show the emergent metadamping

phenomenon (Hussein, 2009) accruing from the dynamic directional amplifier. In other words, the
prescribed damping ratio remains constant while different angles of the DDA are examined. The low
prescribed damping ratio value of the considered viscous dampers in the x-direction is justified by the
extraordinary amplification that the following figures are indicating. The results show that there are
shifts in the frequency band diagrams along the I-X due to the presence of the dynamic damping,
which can be observed comparing the two extreme cases that are plotted. This behavior is more
obvious in the damping ratio dispersion curves. Despite the same initial viscous damping values, in all
three cases, the case with ¢(°)=75 exhibits higher dissipation for both the acoustic and optical
branches. Specifically, an increased damping ratio is observed in the optical branch (almost five times
higher than the one initially prescribed), while for the lower angle ¢(°)= 15, the optical branch drops
abruptly. At the same time, the acoustic branch experiences little change, which leads to a reduced
bandgap. The two branches meet in the low damping ratio region, and the so-called branch-
overtaking phenomenon (Hussein, 2009) occurs. As expected, this phenomenon does not occur for
larger amplification angles. This is an indication of the emergence of dissipation, which is present
along the whole spectrum and not only for modes close to the bandgap, as seen in Figure 7-10 (c),
where the FRF of the damped 8 x 8 finite lattice is plotted. Consequently, the DDA mechanism not
only increases the expected bandwidth size but also provides a great example of metadamping

emergence.

7.4.4 Effects of Response Point

A distributed source along the edge nodes excites the longitudinal and transverse modes of Figure 7-6
(b) finite lattice. As already mentioned, the DDA mechanism is designed to function in the x-direction;
hence a different response is expected along the x and y-axes. To select the input and output nodes

on this lattice, we remove the fixed boundary conditions on the output points A—C. Figure 7-11 shows
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the FRF plots of the 8 x 8 finite periodic lattice for longitudinal excitation along the x-axis, assuming

damping ratios {x= 0.02, {y= 0.05 and amplifier angle ¢(°)= 75.

200 Fe oo 0.15¢ - = =Optical Branch, ¢(°) =15
o ~ -7 - = = Acoustic Branch, ¢(°) =15
EN o s Optical Branch, ¢(°) = 45
A e Acoustic Branch, ¢(°) = 45
= L0 ke e Optical Branch, ¢(°) =75
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Figure 7-10: (a) Frequency band structure and (b) damping ratio ({) band structure. Frequency response function
( FRF ) plots of the 8 x 8 finite lattice (response in point A) (c) x-direction (d) y-direction.
Notice that in Figure 7-11, there are small resonance peaks in the response of output point A at
approximately f = 50 [Hz] close to the antiresonance notches of output points B, C. These peaks are
due to the applied boundary conditions. Nevertheless, the peaks do not affect the gap performances,
as they are close to the lower limit of the bandgap. Moreover, at low frequencies (below 25 [Hz], the
FRF of A is shifted downwards due to the rigid body translation modes, while a larger bandgap depth
is observed in A compared to the one of the interim point B. The different response observed between
point A and C is justified by the existence of an amplified or not mass in the selected node. Except for
these differences, the FRF of the presented output points does not show great deviations, revealing

that the proposed metamaterial is effective throughout its length.

Moris Kalderon NTUA 2023



Dynamic Directional Amplification (DDA) in Phononic Metamaterials 151
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Frequency [Hz]

Figure 7-11: Frequency response (FRFy ) of the 8x8 finite lattice, for {ox= 0.02, {oy= 0.05, and amplifier’s angle
o(°)=75 at points A-C.

7.5 Conceptual Design

Figure 7-12 presents a conceptual design of the proposed metastructure. Although for the sake of
simplicity the system comprises of a single unit-cell, yet larger lattices can be easily constructed by the
spatial repetition of this unit-cell. The mass—spring lattice is envisaged as a compliant 3D-printed part,
supported by the red-coloured metal frame. The role of this frame is to accommodate the DDA
mechanisms at the specified locations providing overhangs for the pinned connections. The proposed
realization can be designed either as a microstructure or on a larger scale, allowing the

implementation in various applications, including acoustic and vibration control and seismic isolation.

(a) (b)

Figure 7-12: Conceptual design of the proposed metastructure, (a) 3D view (b) detail of the dynamic directional
amplifier (DDA).
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7.6  Concluding Remarks

The present study demonstrated the theoretical framework of a novel 2D phononic metamaterial
consisting of dynamically amplified masses. The novelty lies in the simplicity of the proposed system.
The dynamic directional amplification (DDA) mechanism is realized without additional masses or
complex geometries since the amplification can be achieved by coupling the kinematic DoFs of the
mass with a rigid link. Initially, the effect of coupling between the vertical and horizontal motion of the
mass—spring system was shown based on a monoatomic configuration. Then, the enhanced phononic
structure was formulated based on the proposed amplification mechanism, and a simple indicative
example was demonstrated to show its capabilities. The dispersion relationships illustrated that the
amplification of the mass could provide large bandgaps in the low-frequency regime without the need
for large parasitic mass addition. It was also demonstrated that using dynamic amplification, deep
gaps at low-frequencies can be obtained in the direction of wave propagation, using a moderate
number of unit-cells, while an emergent metadamping phenomenon occurs even when minuscule
damping ratios values are prescribed. To conclude, the provided indicative implementation of this
concept shows great promise towards developing acoustic metamaterial designs able to offer low-

frequency isolation.
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8 LocALLY RESONANT METAMATERIALS UTILIZING
DYNAMIC DIRECTIONAL AMPLIFICATION

8.1 Background

In this chapter, a simple Dynamic Directional Amplifier (DDA) (Kalderon et al., 2021) is introduced as a
means to increase the resonating mass of a locally resonant metamaterial (LRM) structure artificially,
without the need of complex geometries and additional mass. The amplification is achieved with a rigid
link that improves inertia and damping (Mahmoud | Hussein & Frazier, 2013) on the desired direction
of motion, by simply coupling the kinematic DoFs of the resonating mass. The main aim of this study is
toillustrate, via the use of a formal mathematical framework, that we can enhance the performance of
LRM structures while retaining or even improving the practical constraints such as having compact,
lightweight, and buildable unit-cells. Towards this goal, a mass-in-mass model is adopted, and a
preliminary parametric analysis is performed using both Bloch's theory (1929) on two-dimensional
infinite lattices and conventional vibration theory on finite lattices. A numerical example is studied as a
seismic mitigation application in order to highlight the advantages of the proposed arrangement over
the initial study. To this end, a conceptual design of a seismic metamaterial in the form of a metabarrier
is proposed and an investigation of its response under seismic excitation is analyzed. Results indicate
the beneficial role of the device and DDA mechanism, hence placing the concept as a compelling

alternative to existing seismic protection technologies.
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8.2 Bloch analysis

Figure 8-1 illustrates the primary unit-cell of a simple mass-in-mass configuration, which consists of an
external mass (M, ) an internal resonator (M ) and the corresponding massless springs and dashpots.

Based on this simple configuration, the enhanced unit-cells are conceptualized. Figure 8-1 (a) depicts

the configuration of a conventional locally resonant unit-cell and Figure 8-1 (b) illustrates the

configuration with the DDA attached in the resonating mass (Mg ).

iy =kyy oyt =k

foroe

il Mr i

...

Cy 1t =k

(a) (b)

Figure 8-1: The periodic mass-in-mass unit-cell (a) w/o DDA (b) with DDA attached in the resonating mass (Mg)

By placing such units in a lattice, at a distance L=a,=a,, an infinitely periodic material is composed, as

illustrated in Figure 8-2. Harmonic wave propagation in the mass-in-mass lattice system is considered.

p-1 p p+1

Z
%

_________________________________________________________

_________________________________________________________

Figure 8-2: 2-D spring-mass effective lattice.
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The set of equations that describe the harmonic motion of the simple typical unit-cell of Figure 8-2 (a),

at location p, g, can be expressed as (Mahmoud | Hussein & Frazier, 2013):

i P.d P p-L4q p+Lq p.q p.a 1Pa _jPLa _ jp+la
m u; +ka(2uL —ug —ug )+ka(uL —Ug )+CLx(2uL —ug —ug )

+Cp, (Uf’q _uqu)zo (8-1.a)
MU + K, (URY ~UP) + Gy (R — U7 =0 (8-1.b)
m ¥ +k, (2v " v VP ke (VP -V + c, (2\7["q —ypat —\'/,f’*q*l)

+Cq, (\-,f,q — P ) -0 (8-1.c)
mRvF‘:’q + kRy (VFFz)’q _Vf’q) + CRy (vg,q _nyq ) =0 (8-1.d)

The displacement of a DoF at a specific position of the lattice may be expressed in a complex notation

as:

—U_ et =UelPudxtasa) _ jolpacrady) (8-2.a)
Where U is the wave amplitude, K,,K,the wavenumbers and (,,{, the propagation constants along
the horizontal and vertical directions.

In the time part of the solution, the parameter As is defined as A; =+ ja (k) , or in the case where the
attenuation between the unit-cells is considered /15 =~ (K)a)s (x) J'a)dS (), where A represents the

branch number, (k) is the wavenumber-dependent damping ratio and @ () is the wavenumber-
dependent frequency (dispersion relation). As a result, the imaginary part is the frequency of the

damped wave propagation, @y (k) =Im[A ()], and the damping ratio is calculated as:

Re[/l (x)] (8-3)
¢s(x) =
GH
Utilizing Bloch's theorem, the spatial part of the solution is expressed as:
u,f’ a9 _ U P, qempa (+JKyday it Uf Jpqxﬂqqye/n (8-4.a)
uf+lq U PquKx(p+1)a (FIryday pht U p+1)qx+1qqyem _ up 9a 1% (8-4.b)
Ui)_lq U p, quKX( p-1)a +jxy0a, /1t U —l)qx+1qqyeﬂt _ uf’qe,jqx (8-4.c)
q :VLp,qeinpawjxyqayezt :\7Lp,qeququqyezt (8-4.d)
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R

DAL \T Piln iR P iRy (0413, 2t 1T PGP (@)U, At piga ] (8-4.e)
vt =V e et =U e et =y e
DL _\T Pn KPR, (G-Da, 2t 1T piaa PO+ (G-DAy a2t piGa-id (8-4.1)
vPat =V e e =U % gt =yl

Substituting these relations into the equations of motion and incorporating the conditions for unit-cell

periodicity yields four homogeneous equations, which can be written in a matrix notation as follows:

8-5
[_;LZMLRM +AC am Kiru ]uLRM =0 (&-5)
where
m 0 0 O (8-6.a)
M B 0 m O 0
Mo 0 om0
0 0 0 mg
e, (2— (e +e'%) +c,, 0 —C,, O
0 c.2-E"™ +e™)+c 0 -c
C — Ly Ry Ry ]
LRM —c,, 0 ., 0 (8-6.b)
0 —Cp, 0 Cry
K, (2—(e_jqx +ejq*)+ Koy 0 —Kg, 0
0 k. (2—(" +e')+k 0 —k
K = Ly Ry Ry i
LRM _kRy 0 K, 0 (8-6.c)
0 —kKg, 0 kRy
u[Lp,q
V[Lp,q
Ugrm = [p.g (8-6.d)
Ur
V[Rp,q

Assuming for simplicity reasons that K, =k|_y =k, and kg, = kRy =kKg, and that the system has no
damping allows the investigation of the problem by adopting the one-dimensional propagation theory.
Utilization of the trigonometric transformation f=2—(e' +e %) =2(1—cosq) leads to the following
dispersion equation (M | Hussein et al., 2014):

m, mqo® —[(m, +mg)K, +2m.k_(1-cosq)]e’ + 2k Kk, (1—cosq) =0 (8-7)

Based on Dertimanis (2016), we can deduce a rough estimate of the required quantities to obtain a

bandgap within the frequency region of our preference, as follows:
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2
f
mg = [{f—'j —1} m, (8-8.a)

ke =477 £2m, =472 (£2 — £2)m, (8-8.b)

with f_ and f, [Hz] denoting the low and high threshold of the selected bandgap, respectively.

Once the equation of motion of the simple LRM is derived, we can study the band structure of the LRM-

DDA metamaterial. The DoFs of the coupled system are the following:

1 00
T 010

Urm poa =Q Uppy = 00 1 ULrm (8-9)
0 0 p

The system with the amplified masses My can be calculated by multiplying M gy, Cry and K gy by
the transformation matrix Q .The dispersion relationship of the LR structure with Dynamic Directional

Amplifiers is provided by:

det[_ﬂv2 M v _opa +4C LRM—DDAKLRM—DDA] =0 (8-10)
where

m 0 0
M Lzm-poa :QTMLRMQ =0 m 0 (8-11.a)

0 0 m(l+p?)

2¢,,(1—cosq,) +Cg, 0 —Cp,
C kM -paba ZQTCLRMQ = 0 ZCLy(l_COqu)+CRy _pCRy (8-11.b)
—Crx —PCg, Cr, poRy
2k, (1—cosq,) + kg, 0 —Kq,
K Lru-paDA ZQTKLRMQ = 0 2kLy(1_COqu)+kRy _kay (8-11.c)
—Kgy —PKy ke, 07Ky
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8.3 Transfer functions of the DDA Enhanced LRM Structure

Figure 8-3 presents a lattice configuration with finite number of locally resonant unit-cells.
Consequently, the equation of motion of the structure, for M, x |\/|y number of unit-cells is presented

in matrix formulation as follows:

MIi(t) + Cu(t) + Ku(t) = Fe” (8-12)

Where M, ..C. v KUy Ungs Uy, Frosand mis the number of degrees of freedom (DoFs) of
the metamaterial.
[ ] L] L] [ ] L]
[ ] L] L] [ ] L]
[ ] [ ] [ ] [ ] L]
2 2 e o
E:’ F
- W — — ‘/\ N
Pt e ] e
; v o 2

...m
ooox

Figure 8-3: Structure with MxxMy unit-cells with a periodic loading acting at the right boundary.

For the case of the lattice without the amplification mechanism, M =4MXMy. On the other hand, for
the lattice with the DDA, M=3M,M, and the global mass [I\/IE’RM,DDA], damping [CERM,DDA]and

. G .
stiffness |:KLRM—DDA:| matrices can be calculated as follows:

G TanG
M 2m-ooa = Qs M u Qs (8-13.a)
G TG (8-13.b)
CLRM—DDA :QGCLRM G
(8 13.¢)

G _ATKG
KLRM—DDA_QGKLRM G

The transform matrix is expressed as:
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o O O+~ O

(8-14)

QG(4MXMy)x(3MXMy) =

O o +~ O
o

oN b+~ O

o O +— O

P p

The mass [MGJ stiffness[KG] and damping [CG] matrices are assembled to generate the Global

matrices of the finite metamaterial lattice. Assuming that the periodic structure is excited harmonically
at the input nodes with frequency @, the force magnitude vector Fis equal to zero everywhere except
from the row or column corresponding to the component of the input node, for which it has unit
amplitude. The transfer function of each degree of freedom may be calculated by the following

expression:
246 G G -1
TF v ooa =[-4"M gy opa + AC au ooa + Kirm ooal  F (8-15)

Thus, the frequency response of the nodal displacements can be obtained. In this case, U, denotes the
displacement of the outer masses (M, ), where the input excitation is applied, and Uy, denotes the

displacement of the rear outer mass of the last unit-cells. The Frequency Response Function (FRF) of

the structure is consequently expressed in decibels as follows:

In

u in
FRF = 20Ioglo( Uf ] (8-16)

8.4 Numerical results

As previously described, the 2D periodic metamaterial works as a passband or stopband filter, where
for the infinite case without damping, perfect filtering properties occur. Naturally, the generated
bandgaps are more dominant in the direction of interest, where the DDA is mobilized. Hence, the
following analysis concerns only the direction of amplification, assuming for simplicity one row of unit-
cells. An indicative case study is presented based on Dertimanis et al. (2016) work on mass-in-mass
metamaterials designed to mitigate seismic waves and protect civil engineering structures. According
to their publication, three (3) different bands are studied; the first one is between 0.5 — 1.5 Hz, the

second one between 1.0— 2.5 Hz, and the third one between 2.0 - 5.0 Hz. By assuming that the external
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mass is M,_=1Mgr, the required resonating mass (M) and stiffness (k) of the resonator can be
estimated from Eq. (8-8) (a), (b). Table 8-1 summarizes the derived values.

Table 8-1: Unit-cell's structural parameters for the three bandgap scenarios of the study.

Band thresholds Parameters
S .
cenario f. [He] f, [Hz] m, [Mgr] m, [Mgr] ke [KN/m]
1 0.5 1.5 1.0 8.0 78.96
1.0 2.5 1.0 5.25 207.26
2 5 1.0 99.0 829.05

8.4.1 Effect of amplification in bandgap formation and Frequency response

Aiming to study the effect of the DDA amplification mechanism on the band structure and frequency
response, the present investigation focuses on scenario 2 (Table 8-1) and K, / k, =1. Herein, the band

structure and the frequency response ( FRF ) of the undamped lattice are calculated. The baseline
configuration (simple LRM) is subsequently compared with the model that incorporates the DDA. The
dispersion curves in Figure 8-4 indicate that the inclusion of the amplification mechanism increases the
width of the bandgap, which derives from a drop of the acoustic branch. On the other hand, the optical
branch remains unchanged. The frequency response displays that in the very low-frequency region,
below 1.0 Hz, the whole curve of the LRM with the DDA is shifted downwards compared to the LRM

without the DDA. As expected, the attenuation characteristics are improved as the angle ¢ of the DDA

increases. The resonances of the structural modes before the bandgap for the case of the LRM without

the DDA, are replaced with a subband in the very low-frequency region.

The main drawback of the DDA beneficial effect is the reduction of the depth of the bandgap without
however, a significant compromise of the overall performance of the metamaterial. The DDA is a
mechanism that amplifies the effective oscillating mass of the LRM. This inertia increase of the unit-
cell’s resonating mass leads to increase of the bandgap width followed, however, by a reduced decay of
the frequency response function within the generated bandgap. Similar reduction of the frequency

response decay is observed to conventional LRMs as the resonating mass proportionally increases.
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Figure 8-4: (left) Dispersion curves and (right) frequency response of the undamped finite lattice for mi=1Mgr,
mr=5.25 Mgr, ki/kr=1 and N= 4 unit-cells.

8.4.2 Effect of the Number of Unit-Cells

As a following step, the effect of the number of unit-cells on the overall performance of the periodic
metamaterial is investigated. Figure 8-5 illustrates the effect of the number of cells on the associated
FRFs, for the considered undamped case. It is clear that the attenuation of the signal within the bandgap
frequency range increases as the number of employed unit-cells is higher. In this analysis, for the sake
of comparison, the total mass and stiffness of the studied undamped lattice is retained stable while the

number of unit-cells increases.
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Figure 8-5: Frequency response (FRF) of the undamped finite lattice for the first band and k./kr=1, and
amplifier angle p=T75° for different number of unit-cells.

For higher number of unit-cells, the bandgap depth increases while at the same time, a marginal effect

on the high-frequency behavior of the system is observed. For N= 4, the maximum bandgap depth

Innovative Vibration Absorbers and Metamaterials for Low-Frequency Wave Mitigation



162

reaches -40dB, yet for more than N=10 units, the metamaterial surpasses -100dB bandgap depth. This

increase in bandgap depth is also observed in the very low-frequency subband.

8.4.3 Parametric analysis

A parametric analysis is conducted for three different stiffness ratios K, / Kj (external to internal spring

stiffness), based on the scenarios summarized in Table 8-1.Figure 8-6 presents the dispersion curves for

the studied bandgaps and stiffness ratios for the case without DDA and for two amplifier angles, namely

60° and 75° It is shown that the external stiffness k,_does not significantly influence the frequency band,

but affects the behavior of the dispersion curves, mainly the optical branch.
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Figure 8-6: Dispersion curves for data of Table 1 and for three stiffness ratios. The simple LRM is compared
with the LRM-DDA with @=60° and 75 (a) first band; (b) second band; (c) third band.
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For instance, Figure 8-6 (a) depicts the dispersion curves for case 1. It is observed that for a specific DDA
angle the frequency gap remains essentially unaltered, while at the same time, the optical branch
reaches higher frequencies as the stiffness ratio increases due to the significant change of the optical

mode. This performance is better reflected in the behavior of the finite lattices.

In order to examine in more detail the effect of the amplifier angle compared to the bandgap
characteristics of the studied cases, the normalized bandwidth for all the cases and angles is plotted in

Figure 8-7. This is defined as:

b :(fH _fL )/ fav’ fa\/:(fH +f|_ )/2 (8-17)

W

where f_ and f,, correspond to the lower and upper bandgap limits, respectively, and f,, is the mid-
gap frequency.

It is illustrated that for large amplifier angles (), all cases show a similar normalized bandwidth (b,)
size; however, there are differences in the performance of the metamaterial in the case of smaller
angles. For example, the analysis with the parameters of scenario 1 (black line) and k /k; =1

(continuous line) displays the most significant normalized bandwidths when small amplifier angles (@)
are considered; when compared with the case where a larger stiffness ratio is utilized K, /k;=100 or
1000 the arrangement with k_/k; =1 indicates a better performance. In addition, when a stiffness

ratio k. /k; >100 is applied, there is no change in the gap size (b,); in this case, the normalized

bandwidth is only a function of the amplifier's angle. In this study, the amplifiers’ angle has been

indicatively selected as ¢ =60° and 75°, respectively. The selection of these relatively large angles has

been made to showcase the extraordinary capabilities of the mechanism.
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Figure 8-7: Normalized bandgap width as a function of the amplifier's angle.
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Figure 8-8 illustrates the frequency response functions ( FRF ) that correspond to the dispersion curves
of Figure 8-6. The specific FRFs refer to a structure with four (4) unit-cells, while again three (3)

different cases are compared: without DDA, with DDA of as ¢ =60°, and with DDA of as ¢ = 75°. For

every case three (3) stiffness ratios (kL /kR) are studied. It is clearly observed that the lower the
stiffness ratio is, the more profound the bandgap formation is, and the beneficial effects of the DDA are
highlighted. On the contrary, for the stiffness ratio case of K, /k; >100, the bandgaps hardly appear
and the DDA cannot significantly improve the performance of the lattice, as the natural frequencies of
the structure are shifted higher. These results indicate that the normalized bandgap width as a metric,
although it may provide a valuable indication of the metamaterial effectiveness, may be deceptive and
should be used in conjunction with the frequency response of the structure. In conclusion, the
performance of such unit-cells is heavily affected by the stiffness ratio between the inner and the outer

springs of the periodic structure and high values should be avoided in the design.
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Figure 8-8: FRF of the far-right external mass of the finite lattice for N=4 unit-cells and for three stiffness ratios
(a) 1 band (b) 2" band (c) 3™ band

8.5 Conceptual Design of a metabarrier

Taking into account the initial investigation, a fundamental conceptual design for earthquake mitigation
in the form of earthquake-proof seismic metabarriers (Casablanca et al., 2018; Krodel et al., 2015;
Miniaci et al., 2016; Palermo et al., 2018; Zaccherini et al., 2020) is proposed. These barriers should be

compact, lightweight, and their installation and manufacturing should be feasible in order to comprise
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a realistic solution. The external and internal masses m__and Mg respectively, should be rigid enough

to behave similarly to the theoretical mass-in-mass model, and the selected number of unit-cells should

be large enough to reveal the properties of the periodic structure.

Figure 8-9 displays a potential arrangement of the proposed system. The locally resonant unit-cells are
embedded into the ground in a radial layout, such that the barriers enclose the structures of interest.
In the case seismic excitation occurs, the barrier filters out the low-frequency content of the wave by
absorbing the seismic energy internally and hence, mitigating the excitation. It is essential to note that
due to its geometry, the proposed metabarrier alignment is suitable to protect structures against
surface waves (Datta, 2010), which are known for their detrimental effect on man-made structures due
to their high amplitude low-frequency components (Anderson, 1990). Mitigation of seismic body waves

(S and P waves) is not part of the present study and design concept.

Indicative / l
Structure

* ! / ]
Metabarriers :]
iy DDA Metabarrier
Surface Waves
& - o

ﬁ f g % % Body Waves
. ~
Z) surface @
waves N\
(a) (b)

Figure 8-9: Schematic representation of (a) the DDA metabarrier radial layout in plan-view and (b) the typical

cross-section of the installation.

Under this perspective, the device under investigation is presented in Figure 8-10. A reinforced concrete

hollow cylindrical section comprises the external mass (mL) of the unit-cell configuration and a steel

cylindrical section the mass of the resonating feature (mR) . The model springs can be realized by some

type of elastomeric - rubber material of stiffness equivalent to the theoretical model, which can be
reinforced appropriately depending on stiffness and strength requirements. The DDA mechanism can
be realized by a simple rigid beam (potentially a robust steel beam) attached to a rigid foundation. The

depicted conceptual design comprises only one row of 4 unit-cells and is equivalent to the one-
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dimensional chain of the locally resonant units. Nonetheless, the design can be further elaborated by

adding more rows and unit-cells to improve the device's performance.

External spring/.- External mass
(rubber) (concrete)

Internal spring
(rubber) .
Cross-Section
Resonating
mass (steel) ]
Hinge
- DDA
S ) mechanism
Unit-cell

DDA Metabarrier

Figure 8-10: Schematic representation of the proposed metabarrier structure with Dynamic Directional
Amplifier (DDA) for mitigation of seismic excitation.

8.5.1 Dimensioning
Aiming to quantify the material parameters of the unit-cell, a simple iterative process is followed.
Initially, the limits of the frequency bandgap, namely f, and f,,, are selected, together with the

magnitude of the external mass (M, ). As a following step, Eq. (8-8) (a) and (b) are employed to estimate

the required design parameters. Based on the material properties of lightweight concrete and steel, an
initial geometry (length and radius for each cylindrical section) is specified, such that the required unit-

cell masses are attained.
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For the case of the internal and external spring properties (k, and k;) of the mass-in-mass structure,

common rubber materials like chloroprene rubbers with carbon additives may be adopted, as they
demonstrate the desired stiffness properties. The stiffness calculation of the material should consider

the required (and also allowable due to the geometry limits of the structure) dimensions of the rubber
in order to achieve the desired stiffness of thek and K, elements. The compressive stiffness of the

rubber pad is calculated as follows:

E A

kcomp _ __rubber (8-18)
h

where E, ., is the elastic Young's Modulus of the rubber material, Ais the area of the rubber and h

its height.

Obviously, the calculation requires the knowledge of the elastic vertical stiffness modulus E, ., .

provided by relevant stress-strain tests of the material in question. For the purpose of this indicative
design, the hyper-elastic properties of rubber are neglected; consequently, the calculated value from
Eq. (8-18) is an approximation that can be used as a starting point of the detailed dimensioning of the
rubber pads. We remark that the elastic connections can also be realized with conventional metal

springs, leaf springs, truss-like springs, or compliant structures that provide the required stiffness.

Based on the rubber properties and the initially selected dimensions of the unit-cell, the outer and inner
diameters of the pad are selected such that the elastomer fits to the unit. In case that the required
stiffness and/or masses cannot be achieved, the dimensions of the external and resonating features are
readjusted. This procedure is repeated until all the parameters correspond to the desired ones. By all
means, a more optimized approach can be programmed that can minimize the required materials and
maximize the performance of the metastructure; however, this optimization falls out of the scope of

the current contribution.

Table 8-2 displays a feasible set of design data, aiming to obtain the second bandgap, as described in
section 8.4. The selected properties are based on the analogies presented in Table 8-1 that correspond
to the analysis of the simple LRM configuration without the addition of the DDA mechanism. Therefore,
by adopting the above properties, the DDA enhanced lattice should achieve the demanded bandgap

and extend its filtering properties to lower frequencies.
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Table 8-2: Indicative unit-cell design parameters of the metabarrier.

Theoretical parameters

Parameters value units Description
f 1 Hz Low bandgap frequency limit
f, 2.5 Hz Upper bandgap frequency limit
ny 250 kg External mass of each unit-cell
My 1310 kg Resonating mass of each unit-cell
kR 51.82 kN/m Stiffness of the internal spring
kl_ 51.82 kN/m Stiffness of the external spring
Design parameters
Parameters value units Description part
Peonc 1400 kg/m3 Lightweight concrete density
D, 1 m External diameter of the concrete cylinder
D, 0.90 m Internal diameter of the concrete cylinder Reinforced concrete
—external mass
Loone 1.15 m Length of concrete cylinder
Meone 241 kg Mass of concrete part
Psteel 7850 kg/m3 Steel density
D, 0.5 m Diameter of the steel cylinder Steel — resonating
Lyeer 0.85 m Length of steel cylinder mass
Ml 1310 kg Mass of steel part
E,ioper 1800 kPa Rubber Young's modulus
{bper 0.25 m Height of internal element's rubber Rubber — internal
A over 7.85%10-3 m2 Area of internal element's rubber and external springs
K uober 56.55 kN/m Stiffness of rubber element
%4 75 ° Amplifier angle DDA

8.5.2 FE Numerical Investigation of the DDA Metabarrier

Aiming to validate the performance of the designed metabarrier, the finite element code ABAQUS" is
employed for a series of frequency response and seismic time-history analyses. The parameters of the
model were formulated by adopting the material values of the conceptual design, as indicated in Table
8-2 of section 8.5.1. For the purposes of this study, a model with N=4 unit-cells is adopted, and its

filtering properties are subsequently investigated. The design follows the second scenario bandgap

where f, =1 and f,,=2.5 Hz, respectively.

Three-dimensional FE modeling is used to realistically capture the exact geometry of the design, its

kinematic boundaries, as well as the appropriate stiffness properties of the proposed materials of the

barrier. Linear elastic spring elements and dashpots model the vertical stiffness ( K, . ) @and damping (
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C ) of the rubber elements attached between the masses (internal and external) of the periodic

rubber
structure. All parts are discretized by 20-node linear-elastic, quadratic solid brick elements, and tie

constraints are assigned between the rubber-concrete and the rubber-steel interface.

A frequency response analysis is subsequently undertaken to derive the transmission curve of this finite
length metabarrier; analysis is conducted as a frequency sweep by applying a harmonic excitation at a
series of different frequencies and recording the response. The excitation is applied on the first unit-cell
and the response of the outer mass of the last unit (end of the lattice) is measured. Figure 8-11 depicts
the FRF results for the case of a metabarrier with and without the DDA amplifier. As expected from
the analytical derivation described in section 8.4.1 of this study, results indicate the superiority of the
system with the DDA within the frequency domain, especially within the low-frequency region. It is
essential to note that the bandgap, due to the addition of the DDA, is extended below the design
expectations of the scenario 2 bandgap (without the DDA) and appears to be promising in the mitigation

of lower excitation frequencies, well below 1 Hz.

80
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Figure 8-11: Frequency response (FRF) of the metabarrier with and without the DDA amplifier, as calculated
from the FE numerical analyses.

As a following step, the performance of the DDA metabarrier concept under earthquake excitation is
investigated. Various seismic motions corresponding to different hazard levels and frequencies are
employed, and time-history analyses are performed to study the potential seismic mitigation properties
of this DDA enhanced metabarrier. An artificial accelerogram with an acceleration response spectrum
compatible with the Eurocode 8 design response spectrum is generated using the SeismoArtif Software
(2018) and adopted as a baseline for the time-history analyses. For the purposes of this study, the

Artificial Accelerogram is designed in accordance with ECS8, incorporating the following seismic
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properties: ground type C, spectral peak ground acceleration 0.36 g, spectrum type | and importance
class Il. In addition, the response of the design is investigated to real earthquake input, for the cases of
Aegion (1995) and Lixouri (2014) earthquakes. The seismic motions are simplistically applied as
horizontal excitation directly on the first unit-cell and the acceleration of the last unit-cell is calculated

as an output.

Figure 8-12 presents the response of the DDA enhanced finite lattice, with a relatively low damping ratio

equal to ¢ =3%, subjected to the aforementioned artificial and real seismic motions. The spectral

content and amplitude of the selected excitations are rich, containing frequencies that are outside the
bandgaps generated by the designed DDA metabarrier, presented in Figure 8-11. This consequently
leads to a diverse filtering behavior of the metabarrier, depending on the frequency components of
each accelerogram. Figure 8-12 (a) — (c) present the filtered acceleration time-histories (measured at
the end of the lattice) along with the original applied accelerograms. Results indicate a significant
reduction of accelerations within the bandgap regime and a corresponding decrease of the maximum
acceleration values. Aiming to better visualize the filtering behavior of the metabarrier, the elastic
response spectra that emerge from both the original and filtered acceleration time-histories were
calculated and presented in Figure 8-12 (d) — (f). As expected from the FRF (Figure 8-11), frequencies
that coincide with the resonance of the lattice are amplified. However, results show substantial
attenuation of the excitation frequencies below 2.5 Hz, indicating the beneficial role of the barrier for

the protection of relatively high period structures.

In order to assess the feasibility of the proposed metabarrier dimensions, an assessment of the
maximum deformations of the internal resonating masses has been undertaken. The displacements
(u, v) of the resonating masses as well as the corresponding rotation (@ ) of the DDA mechanism were
measured. The analyses results indicated that for all selected seismic excitations these deformations

are relatively small. Specifically, the maximum displacement u,v is less than 2.5cm, while the maximum

DDA rotation theta is less than 1 degree. It is clear that these deformation values can be easily

accommodated by the proposed conceptual metabarrier design (Table 8-2).
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Figure 8-12: Response of the DDA metabarrier to seismic excitation: (a) EC8 compatible artificial excitation, (b)
Aegion, 1995 earthquake, (c) Lixouri, 2014 earthquake and (d) — (f) corresponding acceleration frequency
response spectra for both the original and filtered motions.

8.6 Concluding Remarks

In conclusion, this study demonstrates the theoretical framework of a novel locally resonant
metamaterial consisting of dynamically amplified resonating masses. The major innovation of the
application lies in the simple geometry of the proposed system. The dynamic directional amplification
(DDA) mechanism is achieved with a rigid link that improves inertia and damping on the desired
direction of motion, by simply coupling the kinematic DoFs of the resonating mass of the metamaterial

lattice.

Itis demonstrated that using dynamic amplification and a moderate number of unit-cells, relatively deep
bandgaps at low frequencies can be obtained. By exploiting the dynamic mass of the proposed mass-in-
mass periodic structure, it is illustrated that better dispersion properties are obtained compared to the
conventional locally resonant metamaterials of equivalent structure. Thus, significant filtering
characteristics are achieved while reducing the large parasitic resonating masses. The main drawback
of the DDA beneficial effects is the reduction of the maximum depth of the bandgap, without however,
a significant compromise of the overall performance of the metamaterial. Another potential

disadvantage of the mechanism is the diversion of the resonating mass movement perpendicular to the
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direction of the external applied action; this leads to mass movement in both axes (2D movement in the
horizontal and vertical axis) that needs to be accommodated depending on the application and design

of the lattice structure.

An indicative implementation of the DDA enhanced concept as a seismic protection mechanism in the
form of a metabarrier is subsequently proposed. A conceptual design paradigm is numerically analyzed
by employing time-history analyses and comprises a priory proof of concept of a simple, feasible design
that can be exploited as a baseline for future, more detailed prototypes. Results indicated the beneficial
role of the device and DDA mechanism, hence placing the concept as a potential alternative to existing

seismic isolation concepts and structural protection devices.

Based on all the above observations, the proposed framework may be incorporated in further
applications such as mechanical filters, sound and vibration isolators, or acoustic panels, as it provided
promising outcomes and information towards the development of acoustic metamaterial designs, able

to offer low-frequency isolation and vibration control.
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9 EXPERIMENTAL VALIDATION OF THE VIBRATION-
ATTENUATION PROPERTIES OF DDA ENHANCED
PHONONIC & LOCALLY RESONANT METAMATERIAL
DESIGNS

9.1 Background

In this chapter, for the purpose of validation, the dynamic behavior of the suggested DDA enhanced
phononic and locally resonant metamaterial configurations is experimentally investigated. In particular,

the metamaterial models are built using LEGO® components and are tested under dynamic loading.

Recently, several architected metamaterial structures with inertial amplification mechanisms (Mazzotti
et al., 2023; Muhammad et al., 2020; Zeng et al., 2022) or negative stiffness properties (Lin et al., 2023;
Zhou et al., 2021) have been manufactured and experimentally tested. Yilmaz and his research team
(Acar & Yilmaz, 2013; Taniker & Yilmaz, 2015, 2017; Yuksel & Yilmaz, 2015, 2020) first introduced designs
of periodic structures with embedded inertial amplification mechanisms and conducted a series of
experiments in compliant periodic structures, 3D printed specimens, as well as samples manufactured
by aluminum beams. Similarly, Bergamini (2019) and Zaccherini (2021) exploited chirality and tested 3D
printed elements searching for large low-frequency bandgaps, while Chondrogiannis (2022) examined
a geometrically nonlinear metamaterial constructed by LEGO® technic bricks. In general, several
attempts have been accomplished by various researchers towards the experimental identification of
bandgaps in phononic (D’Alessandro et al., 2016), locally resonant (An et al., 2019; Lin et al., 2021), as

well as in auxetic structures (Fischer et al., 2020).
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In this chapter, inspired by the benefits induced by the insertion of DDA mechanisms within the
structure, one-dimensional inertial amplified lattices are designed for the mitigation of low-frequency
mechanical vibrations. To this end, four (4) different arrangements are constructed and tested; a
conventional phononic metamaterial chain, a DDA enhanced phononic metamaterial chain, a
conventional LR metamaterial chain and a DDA enhanced LR metamaterial chain. 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.

9.2 Design of the Experimental Devices

Within the framework of this research work, two (2) metamaterial concepts are considered using two
(2) different configurations; the first one featuring a phononic lattice and the second one a lattice
comprised of locally resonant unit-cells. Apart from the extension springs that are custom made, the

internal resonating mass m; of the LR metamaterial that is realized using steel washers and the

longitudinal guides that are made of aluminum to increase vertical and lateral rigidity, most of the
metamaterial components are assembled using LEGO® 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. Both studied devices were initially conceptualized and then drawn
in Lego Digital Designer where different arrangements can be easily examined before assembling the
actual physical models. Herein, four (4) unit-cells were deemed adequate to capture the bandgap
properties of the phononic lattice, while only three (3) were required in case of the LR lattice. Previous
studies on various linear and nonlinear metamaterial designs (Chondrogiannis et al., 2022; Colombi et
al., 2020; Martakis et al., 2021) suggest that even for a reduced number of unit-cells (two—three) a
substantial bandgap can be generated, leading to noticeable motion reduction. This selection is

essential for a realistic experimental implementation, where dimensions need to remain limited.

Figure 9-1 (a) shows the schematic representation of the phononic lattice arrangement where the
amplifier is located at the base of the mass m, . A hinged connection is realized using the LEGO® technic
parts and allows the link to freely rotate, while a fixed base is built to support independently the DDA

mechanisms. The LR structure described in Figure 9-1 (b) is comprised of units with similar to the

phononic lattice dimensions and an independent structure that supports the proposed amplifiers. These
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illustrations include only the LEGO® parts omitting the extra steel parts such as springs, supports,

weights etc.

m. Kix Mp

DDA

conceptual LPM

ms

Figure 9-1: lllustration of the rendered LEGO®DDA enhanced (a) phononic (b) locally resonant metamaterial
designs.
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In both models the unit-cells are connected with an arrangement of springs. To ensure that these
springs work properly in both compression and extension, two additional coils of stiffness k, /2are
installed to the LEGO® linear spring of stiffness k., to keep the latter in a prestressed state
(Chondrogiannis et al., 2022), as illustrated in Figure 9-2.

fu”_ compression
extension

tension
Figure 9-2: Assembly of the linear stiffness elements at rest: (left) original, (center) modified configuration,
(right) physical assembly (Chondrogiannis et al., 2022).
The additional components shift the stable equilibrium position backwards by Al . This allows the system
to react equivalently in both the compression and extension states, in contrast to the original
configuration, which is at full extension at its equilibrium position. The overall stiffness of the assembly

K, is therefore calculated as:

k, =k, +k; (9-1)
Table 9-1 summarizes the characteristics of the spring assemblies that are used in the models; these are

the stiffness valuek,, as well as the individual stiffness of the extension spring (k,) and compression

spring (K, ).
Table 9-1: Stiffness characteristics of the experimentally tested springs.
category Extension spring ke [Nm™] Compression spring ke [Nm™] Spring Assembly kn [Nm™]
soft 80 320 480

The mass properties of the individual elements of the phononic metamaterial lattice are tabulated in

Table 9-2, while the mass properties of the LR lattice are given in

Table 9-3. Mass m, is constructed by LEGO ® parts in both assemblies while mass m; of the phononic

lattice is adjusted to reach the required weight by installing supplementary steel weights; i.e.,

My, =m_+m’, where m’is the additional weight.
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Table 9-2: Mass measurements for the individual parts of the experimental phononic models.

Element Mass (g)
m, 58
m; 58
m'’ 150

Table 9-3: Mass measurements for the individual parts of the experimental LR models.

Element Mass (g)
m, 58
mg 58

9.3 Description of the Setup

The configured experimental setup is presented in Figure 9-3 (a). An MB Modal 110 (MB Dynamics)
electrodynamic shaker applies a one-dimensional (1D) horizontal input excitation. A timber board is
mounted at the shaker’s shaft on one side, to function as a shaking table, while longitudinal guides and
bearings provide support, maintain the table in a levelled position, and limit parasitic vertical
oscillations. A digital signal generator creates the harmonic sweep and a 2050E05 (modal shop INC)
amplifier receives the produced signal and activates the shaker. Both sinusoidal inputs as well as sine
sweeps can be generated by controlling the voltage signal of the shaker. This signal results to a nearly

flat spectrum for a given frequency range, thus exciting uniformly the specified range.

Each metamaterial chain is installed at the shaking table. 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.
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Figure 9-3: Schematic diagram of the experimental setup.

The dynamic response of the system is measured using uniaxial PCB 333B30 accelerometers with 10.2

mV/m/s? sensitivity and a sampling frequency of 2 kHz. The measuring locations 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.

931

Phononic structures

Figure 9-4 illustrates the assembled phononic structure which serves as a baseline configuration to the

enhanced phononic assembly. Washers have been added to increase the weight of my while four (4)

unit-cells where deemed as the minimum number that can reveal bandgaps. The longitudinal guides

ensure that the lattice moves only horizontally and any other parasitic movements are suppressed.
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® Measurement points

Figure 9-4: Overview of the LEGO® “conventional” phononic structure comprised of four (4) unit-cells.

The DDA enhanced lattice is presented in Figure 9-5. 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.
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® Measurement points

Figure 9-5: Overview of the LEGO® DDA enhanced phononic structure comprised of four (4) unit-cells.

9.3.2 Locally Resonant structures

Following the description of the phononic assemblies, the locally resonant metamaterial lattice is
depicted in Figure 9-6. The proposed design is based on a mass-in-mass arrangement where the

resonating mass Mg is connected with the external mass m_ through two extension springs. Once

again, guides ensure the one-dimensional movement of the structure; however, herein a
supplementary guide is added above the lattice to facilitate the longitudinal movement of the
resonating masses and prohibit any transverse or rotational modes. Moreover, as already mentioned,
in this case three (3) unit-cells can capture the anticipated attenuation zone, hence the fourth unit-cell

is removed from the lattice.
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s T .
: ® Measurement points

Unit-cell

Figure 9-6: Overview of the LEGO® “conventional” locally resonant (LR) structure comprised of three (3) unit-
cells.

Figure 9-7 depicts the DDA enhanced LR structure. A LEGO® assembly supports the amplifiers above the
shaking table providing a steady ground to the hinged connections. The Amplifier’s angle is selected as

@ =55°.
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Figure 9-7: Overview of the LEGO® DDA enhanced Locally resonant (LR) structure comprised of three (3) unit-
cells.

9.4 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 measurements 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

out

spectral accelerations {l’jﬁn /U’li"} using the FFT function and the efficiency of each metamaterial device

is evaluated upon their attenuation capabilities. The attenuation zone of the tested metamaterial device
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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.

9.4.1 Phononic structures

The analysis of the experimental results of the Phononic structures begins with the theoretical
estimation of the dispersion curves. Figure 9-8 indicates the frequency range that an attenuation 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 are
expected to shift from 8.5 to 4.5 Hz. Then, a comparison is carried out in Figure 9-9 between the
theoretically estimated dynamic response and the experimentally measured frequency response of the

phononic lattice to identify the degree that the analytical model matches the experimental data.

20
15+ T
E —f (Q)
. — f_(q)(Phononic w/o DDA)
S 10l —/f-(q)(Phononic — DDA with ¢ = 60°)
=
5
fr
0
0 T

a [
Figure 9-8: Expected theoretical dispersion curves of the phononic LEGO® technics assemblies.

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 ones attenuation is present. Furthermore, it is observed that the two
curves show some differences in terms of the opening frequency of the attenuation zone and the
resonance peak before, yet, the general dynamic performance of the metamaterial is captured and the
experimental bandgap due to Bragg scattering is realised. At this point it should be mentioned that a

minimal amount of damping (¢ =5%)) is prescribed arising from the developed friction between the

guides and the units.
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Figure 9-9: Comparison between the experimental and analytically estimated frequency response
F {ilf{“ﬂili”} for the four (4) unit-cell lattice of the phononic structure.

Itisinteresting to compare the attenuation zone formed with the two types of cells; the simple phononic
and the DDA enhanced. Figure 9-10 illustrates the experimental 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 has not been measured, nonetheless, the opening theoretical estimated

frequencies are demonstrated by the shaded areas.
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Figure 9-10: Frequency content of the response of the phononic lattice with and w/o the DDA ((o =60 ) fora

four (4) unit-cell lattice. The maximum acceleration of each unit P is denoted as max U'; .
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Comparing the expected attenuation zones with the measured ones it is deduced that the size is similar,
while a shift is noted (~1.5Hz) in lower frequencies for both lattices. Overall, the dynamic response of
the proposed prototypes verifies the analytically predicted response of the two arrangements,

exhibiting the capabilities of the DDA enhanced phononic lattices.

9.4.2 Locally Resonant structures

Figure 9-11 shows the theoretically predicted dispersion curves assuming the properties of the locally
resonant metamaterial devices. The baseline structure is expected to present an attenuation zone

between 7.1 and 10.1 Hz and this zone is expected to be increased by 113% after the inclusion of the

DDA.
35
@R wo b
—f-(¢)(LR w/o DD
O ¥ ()(LR - DDA with ¢ =55 fn
25|

Frequency [Hz]
— Do
o S

—
o

0 q [ ™
Figure 9-11: Expected theoretical dispersion curves of the LR LEGO® technics assemblies

Thus, in order to validate the design of the locally resonant structure before progressing with the
enhanced lattice, the experimentally measured dynamic response of the metamaterial is compared with
the analytically estimated frequency response, provided in Figure 9-12. Indeed, the two curves are in
agreement, bearing in mind all the potential discrepancies and especially the role of friction among the

units and the guides. A certain amount of damping, in the form of damping ratio ({ =7%) is assumed

in the theoretical model, originating from the guides-units friction, aiming to fit the experimental curve.
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Figure 9-12: Comparison between the experimental and analytically estimated frequency response
F{i1g#|iti"} for the three (3) unit-cell lattice of the LR structure.

Figure 9-13 depicts the acceleration response of the setups presented in Figure 9-6 and Figure 9-7.
Again, the acceleration response of the two metamaterials is assessed based on the size of the
attenuation zones. The “conventional” locally resonant structure reveals a bandgap between 7.5 and
10.1 Hz, which is in accordance with the theoretical estimation, and the DDA enhanced structure
displays a bandgap in between 4.5 and 9.5 Hz which is slightly smaller compared to the theoretical

estimations (shaded areas in Figure 9-13).
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Figure 9-13: Frequency content of the response of the LR lattice with and w/o the DDA (go =55 ) for a three

(3) unit-cell lattice. The maximum acceleration of each unit P is denoted as max U': .
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The enhanced structure verifies the merits of the proposed framework described in Chapter 8, as larger
bandgaps are attained compared to the conventional LR structure and at the same time the abrupt

resonance peaks before and after the attenuation zone are strongly mitigated.

9.5 Concluding Remarks

In this chapter, the dynamics and the filtering properties of the DDA enhanced phononic and LR
structures, described in the previous chapters, are experimentally investigated. The lattices’ unit blocks
consist of LEGO® assemblies connected to each other through spring assemblies comprised of

compression and extension springs.

The phononic LEGO® lattice Bragg bandgaps are sought in the very low-frequency regime based on the
theoretical predictions of the dispersion analysis. The tests showcase the existence of an attenuation
zone and reveal the opening bandgap frequency, however more tests should be contacted to provide
an accurate identification of the lattice dynamic response. The DDA enhanced lattice, on the other hand,

showed clearly a better response shifting the lower bound of the bandgap, to lower frequencies.

The experimental transmission spectrum of the finite sized locally resonant structure exhibits a wide
signal reduction within the bandgap region, identified initially by the dispersion analysis, when only
three (3) unit cells are considered. The addition of the DDA mechanism improves the behaviour of the
metamaterial extending the attenuation zone to lower frequencies while the reduction of the bandgap

depth comes with a mitigation of the resonant peaks outside 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 further studied prior to proceeding to
realistic full-scale applications. The practical implementation aspects of the proposed designs for seismic
protection of structures, energy harvesting, or acoustic absorption are topics of interest for future

examination.
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10 CONCLUSIONS & FUTURE RESEARCH

10.1 Research Overview & Concluding Remarks

In this doctoral dissertation, novel low-frequency noise mitigation and vibration control strategies are
studied employing metamaterial concepts, advanced negative stiffness absorbers and amplification
mechanisms. The main subjects investigated are the following:

The background of acoustic theory and the introduction of a more accurate methodology to
be used as a basis for the investigation of the subsequent proposed noise mitigation concepts;

The adoption of negative stiffness elements in combination with inertial amplifiers as a means
to enhance the sound attenuation properties of conventional panels;

The introduction of a proposed KDamper — IAM system in metamaterials to increase the
efficiency of the structure, specifically in the low-frequency regime.

A novel amplification mechanism, namely the DDA, that is analytically, numerically and
experimentally tested and implemented to both phononic and acoustic metamaterials.

For the purposes of this study, various analytical, numerical and experimental frameworks are
developed, and realistic configurations are formulated aiming to explore the potentials of the
proposed mechanisms. Analysis is carried out and comparison is undertaken with other conventional
vibration control and noise mitigation systems. The main conclusions that can be drawn from this
study are provided separately for each of the presented concepts and are summarized in the
following:

Acoustic Mounts Based on the Enhanced KDamper-IAM Concept:

The implementation of the proposed KD-IAM advanced absorber as a panel’s mounting
system presents a wide and deep frequency band of improved vibration and noise attenuation
in terms of STL, specifically in the resonance regime at frequencies within the range of 20 to
150 Hz;

By employing stiffeners to increase the rigidity and, consequently, the fundamental frequency
of a panel, the resulting effect of the optimized KD-IAM mounts is significantly improved;
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It is highlighted that the addition of the inertial amplification mechanism (IAM) to the KD
mounting system is beneficial for the dynamic response of the structure in the low-frequency
domain, where the mass-law prevails;

Realistic designs can be derived using Belleville (disc) springs, rubber pads (KDamper) and
simple steel hinged structures (IAM).

Metamaterial Designs Based on the Enhanced KDamper-IAM Concept:

The virtues of the KD-IAM metamaterial are investigated showcasing the extraordinary
capabilities of the structure to generate deep and wide bandgaps in the low-frequency range
without the need of a large number of unit-cells;

Simple, feasible designs of all the essential parts comprising the KD-IAM meta-structure
demonstrate that the panel can be produced without high precision requirements and
complex geometries;

Appropriate technological implementations of this concept can lead to significant
improvements in all types of low-frequency technological applications, with emphasis in low-
frequency noise isolation-absorption.

The Dynamic Directional Amplification Mechanism (DDA):

A simple mass amplification mechanism is introduced that increases inertia towards the
desired direction of motion. The major innovation of the application lies in the simple
geometry of the proposed system; the vibrating mass is fixed to a rigid link that increases
inertia by coupling the kinematic DoFs of the resonating mass and forcing the oscillator to
move through a prescribed circumferential path.

The derived analytical framework and transfer functions indicate a shift in the frequency of
the DDA enhanced oscillator, compared to the original m-c-k, showing that the inertia of the
system is artificially increased. An experimental set-up serves as a proof-of-concept that
validates the numerical results.

The proposed system increases significantly the sound absorption performance of a panel
compared to an equivalent panel - simple elastic mount.

Dynamic Directional Amplification (DDA) in Phononic Metamaterials:

The DDA mechanism is applied in phononic metamaterial structures, and its theoretical
framework is developed;

The dispersion relationships illustrated that the mass amplification provides large bandgaps in
the low-frequency regime, without the need for large parasitic mass addition.

Using dynamic amplification, deep gaps at low-frequencies manifest in the direction of wave
propagation, using a moderate number of unit-cells.

Indicative implementation of this concept shows great promise towards developing
metamaterial designs able to offer low-frequency noise isolation.

Dynamic Directional Amplification (DDA) in Locally Resonant Metamaterials:

By harnessing the potency of the DDA to the proposed mass-in-mass periodic structure, better
dispersion properties are obtained compared to the conventional locally resonant
metamaterials of equivalent structure. Thus, significant filtering characteristics are achieved
while reducing the large parasitic resonating masses.
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The main drawback of the DDA beneficial effects is the reduction of the maximum depth of
the bandgap, without however, a significant compromise of the overall performance of the
metamaterial.

Another potential disadvantage of the mechanism is the diversion of the resonating mass
movement perpendicular to the direction of the external applied action; this leads to mass
movement in both axes (2D movement in the horizontal and vertical axis) that needs to be
accommodated depending on the application and design of the lattice structure.

An indicative implementation of the DDA enhanced concept as a seismic protection
mechanism in the form of a metabarrier is subsequently proposed. Results indicated the
beneficial role of the device and DDA mechanism, hence placing the concept as a potential
alternative to existing seismic isolation concepts and structural protection devices.

Experimental validation of Dynamic Directional Amplification (DDA) enhanced Metamaterials:

10.2

The dynamics and the filtering properties of the DDA enhanced phononic and LR structures,
described in the previous chapters, are experimentally investigated. The lattices’ unit blocks
consist of LEGO® technic assemblies connected to each other through spring assemblies
comprised of compression and extension springs.

As expected from the analytical and numerical investigations, the addition of the DDA
mechanism improves the behaviour of both phononic and LR metamaterial structures by
extending the attenuation zone (bandgap) to lower frequencies.

Through the experimental process, the potential and beneficial effect of the DDA concept is
validated. It is concluded that the mechanism can be used for enhancing the design of
vibration mitigation structures and shock-absorbing materials at various length scales. The
practical implementation aspects of the proposed designs for seismic protection of structures,
energy harvesting, or acoustic absorption are topics of interest for future examination.

Future Research

Based on the research that was carried out during this doctoral dissertation, the following
recommendations are suggested for possible future study. These are research directions that will
further improve the present investigation, and will provide even more realistic configurations and
devices suitable to address low-frequency excitations. Hence, the following work is recommended:

Construction of the KD-IAM mount designs and metapanels and execution of acoustic real
scale experiments in order to measure the sound transmission loss of the proposed
configurations.

Detailed numerical modelling and simulation of the LEGO® DDA enhanced phononic and
locally resonant small scale prototypes in FEM commercial software packages using realistic
constitutive models. These models will provide valuable insights towards the calibration of
such devices and will give a better understanding on any uncertainties (ex. Additional weight
of the Lego® parts, friction, effect of damping, etc.).

In depth investigation of the Damping effect and especially the metadamping effect of the
proposed DDA enhanced phononic and locally resonant metamaterials, using numerical and
analytical tools.
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iv. Investigation of the potential implementation of the DDA enhanced metamaterials in energy
harvesting systems, in combination with vibration control.

V. Produce an acoustic metabarrier, namely the “Dy.Ba” suitable to address a wide spectrum of
urban noise sources exploiting two novel metamaterial concepts; amplification and sonic
scattering. Specifically, the proposed “Dy.Ba” will consist of a hybrid system; an arrangement
of sonic scatterers combined with the DDA enhanced periodic structure. The Sonic scatterers
will function as a filter for the mid frequencies, while the low-frequency noise components will
be addressed by the DDA wall behind.

vi.  Execution of shaking table experiments in small scale specimens of the DDA seismic
metabarrier buried in a sand tank in order to assess the efficiency of the concept in the
protection of structures against surface waves.
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Appendix - A. SOUND TRANSMISSION

A.1 Far-field approximation

The distance R can be written as

R=yr? —2x& 2y + & +n° (A1)

wherer = |r| =/x* +y*+ 2% . In spherical coordinates R becomes

. r2 r2
Rzp\/l—ZM(§COS¢+ﬂ'Sin¢)+ﬂ (A-2)
r r

The solution of Eqg. (2-12) is not trivial and has been calculated analytically only for a few cases of
boundary conditions. A way around this obstacle comes by utilizing the far field approximation. In the
far field we can ignore the weak dependence of the amplitude of the integrand on the position but not

the dependence of the phase, namely it holds that

(A-3)

17ﬂ(§' Cos p+1'sin (ﬂ)J
r

e—jr(R —~ e—jl{f[ (A'4)

Since r is independent of £"and#’, the corresponding terms in Eq. (2-12) can be moved outside the

double integral, leading to
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1,72 1,12
wt-xr 8W(§ 77) k(&' sin@cosp+n'sin@sin @)
p(l’ t) — gl(ot-xr) plr(s P+ “’dndf (A-5)
t 27” |J./2 |J;2 ot

A.2 Free Finite Rigid (FFR) Panel Approximation

Then, the transmitted pressure by considering the far-field approximation, is calculated from the

expression
W Lz iz o
pt (r, t) — CO ,00 e e]wt ejx(§ sin@cosp+n’ sm&smq))dnrdgr (A-6)
2z r 241,12
where the surface integral is calculated
8sin(a,)sin(o,)
L= A-7
S k*sin? @sin 2 (A7)
And
.
o,(0,9)= kEXsm gcose (A-8)
I
o,(0,0) = kEysin fsing (A-9)

The transmitted intensity It and consequently the transmitted power, are calculated from Eqgs. (2-14)-

(2-15) where |, is defined as

27 72 2

l,, = [ [ |l,] sinedede (A-10)
00

A.3  Analytic solution for Simply Supported plate — Roussos (1985)

Assuming that the transverse displacement of the panel is expressed as

w(&,7) =W (&,m)e (A-11)
and the boundary conditions for a panel with simply supported edges should satisfy

| o*w

o’ axz x=0

(A-12)

the shape functions W (5, 77) for a simply supported panel are of the form
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W (&)= ZZsm—sm 7y (A-13)

m=1 n=1 Iy

The natural frequencies of a simply supported panel @, are given by

o - |P|mz_ nz (A-14)
" ANph 11 )

The coefficient p,, of a simply supported plate subjected to obliquely incident pressure wave can be

calculated as

P =8P ImIn o
Where

) %jsign(sin gcosp),if (mz)? = (x1,)?

. (mﬁ)l(m(”)l# if (m7)” # (x,,)° h
) %jsign(sin gcosg),if (n7)* = (x,1,)*

" (nﬂ)% if (n7)* # (x,1,)° .

The power II, that is transmitted (radiated) by the panel is calculated as the integral of the sound

intensity over an imaginary far-field hemisphere as

27 7l2| & o
thj f ZZ sm9d6d¢> (A-18)
p=06=0Im=1n=1

and the power that is incident on the panel is given by Eq. (2-16).

A.4 Simply Supported Plate - 1°* Mode Approximation
Considering only the 1% mode for interpolation of the transverse displacement the derivatives to be
substituted in the equation of motion are calculated as

o'w(&,m) _

e W, (&,m)e (A-19)
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owenm o (zY)o (7) (mm) (=)
2e* _Cl[lxj sm[ ] ]sm( ) ]_(k] W, (&,77) (A-20)
W) _ z] [ﬁj[@}(ﬁ} WD) o)
on l, l L)
W& _ (7)ol 7 e[ 71 ) 2] _
a§26n2 _Cl leyj Sln[ IX ]SIn[ Iy ]_{ley] Wl(gin) (A 22)

Considering the far field approximation for the transmitted pressure and normal incident

waves (6, =0), the equation of motion becomes

1 1 Py jur
{Dﬂ4{l—2+2m]—a)2phlwl(§,n)=2P| +7z-—foe ! Igr’,]r (A—23)

X y
where |, is the double integral on the surface of the plate
1,12 Iy/2

Ig’,;,’ — J‘ J‘ Wl(ér,77)ejx(§'sinHcos¢+q'sin€sin<p)dﬂrd§r (A—24)

L 21,72

and the local coordinates &' = &—1, n'=n-I,. For&’, n'the shape function from Eq. (2-24)
becomes

L, &’ an’
W, (&',n")=C, cos i s (A-25)

y

The surface integral is then calculated as

ey =Cile, (A-26)
Where

Ty cos(o,) cos(o,)
I, =471, (A-27)

(1,xsin@cosp)’ - z° (I, xsin@sin go)z -’

and o,, o are the same as in Eq.(A-8)-(A-9). Solving Eq. (2-24) forC,, the surface integral can be

written as
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Lo WEm

Emt T &
sin(Tg)sm(Tn} (A-28)
X y

Substituting to equation (A-20), multiplying with W, and integrating over the panel surface gives

I by 2 2 —j&r | 9
oot 270l
00 o sin[”ﬂsm(ifﬂ}

y

(A-29)

X

Ix IY

WE (S m)dndé = [ [ 2RW (& m)dndé

and inserting @, from Eq. (2-27) leads to

~ o) W& -
°r . (A-30)

X

2 —j&r ¥y
:[zpi AN () w)} [ W& mydnde

The two integrals are calculated as

xly

LI
[We (€ mdndg == rc; (A-31)
0

o —

x Y

4
[Wi(¢.mydndé =—2*C,

(A-32)

o —

Substituting in Eq. (A-30) and solving the quadratic equation for C, leads to:

_ 8P, _ 3R+

1 2 2 2 —j 2 2 2
o -0 4o’ p, e 7°ph(e) — @) A-33
2|:p0h 1 _ pO Igﬂ (0, ):| 1 ( )

4 i r

Therefore, substituting in Eq. (A-5) for the transmitted pressure, comes:

a)Zpoe—jKr
2xr

pt (r’t) = Cllgff] (9’ (p)ejwt

1600°p,l, (6,)R _ e_jrkrejwt A-34
(o — o) 1607 e 34
riz°ph(e — o) -160°pe " 1]

= pt(l’,t)z
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The transmitted intensity |, is calculated from Eq. (2-14) as

2

L | sl
204G,

|t(r,(9,§0)=

— jkr

7°ph(e — 0®) 160’ p,e *

and the transmitted power comes from Eq. (2-15) as

p? 160 p |1, | P

I, =
2C,

—jkr 2 "0p

7’ ph(w} — 0°) 160" pe '

where |, is the double integral over a hemispheric surface in the receiver domain

27 7l2

w=| I|I§”|Zsin9d9d¢
0 0

and |, is defined in Eq. (A-27).

A.5 Lumped Parameter Model (LPM)

Let us rewrite the transverse displacement as

w(&,n,t) = sm(lélsm[ jq(t)

Where
q(t) =Ce™

The kinetic energy of the system is defined as

_1 How _1phll,
T—Ephﬂ(atjdfdcf S, 00= 24 G (t)

and the potential energy as

bl 2 D 4||
=%D£![V2w(§,77,t)] dgdn%%(llz |2J o’ (t) —k JoP(t)

(A-35)

(A-36)

(A-37)

(A-38)

(A-39)

(A-40)

(A-41)

where m; and kl* are the generalized mass and stiffness of the fundamental, 1°* mode. The equation of

motion of the equivalent SDOF model is
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m G +k;q=f(t) (A-42)
where the generalized excitation, considering only the blocked pressure, comes as

Ix IY

* 8P|IXIV jat
() =2p,[ [Wi(&mdedn=—"""e (A-43)
00

Consequently, by substituting in Eqg. (A-42), and since kl* = ml*a)f, the factor C, is calculated as:

C, =Y A-44
Lot mi(ef -o?) A

A.6 KDamper Mounts

The equations of motion resulting from the model of the panel mounted in KDamper mounts as

illustrated in Figure 4-1, come as

m'g, +k'(q, —q,) = %e"”’t (A-45)
m; b, —k g, + (K" +kp +ks)q, —Kp0; =0 (A-46)
My s + (ke +Ks)d; —kp0, =0 (A-47)
Where

g (t)=Ce™ (A-48)

The relevant transfer functions come as

*

K
TFE, =2 - X .
27C, Ktk +k.(1-TF,) (A-49)

TF, == = (A-50)
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Appendix - B. INERTIA AMPLIFICATION MECHANISM
(IAM)

A schematic of the proposed in Cheng et al. (2020) IAM is shown in Figure B-1 (a). The mechanism
consists of four rigid bars, connected by hinges, and two lateral masses (m, ). The IAM undeformed
configuration is defined by the angle 6, between the x-axis and the rigid bars. The top and bottom

hinges can be connected to others mechanical elements in a dynamic system which operates in

x—direction.

(b)

Figure B-1: IAM schematic diagram, (b) equilibrium configuration of the proposed IAM system.

Under the assumptions of small displacements along the x-axis, the displacements of the lateral

masses are:
xa_X1+X2, ya:_yz_yl
2 2tanéd

(B-1)
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To balance the inertial forces f, =m,%,and f =m,y,, the internal forces f, and f,, as well as the

overall reaction force F in Figure B-1 (b) are derived:

f _E f')’ _ fIx 2

' 2(sin® coso (52
1 f f

f.=2] 24 .

? Z(Sine cosej (53)

F=2fcos@=b(X,—%)+b (X +X) (B-4)

1 .
In which b:Ema tan?@and b" =0.5m, are the inertial constants.

As a result, the IAM can be seen as a one-dimensional mechanical system, which couples a classical
inerter with a dead mass. For the classical inerter part, the inertial reaction force is proportional to the

relative acceleration between the two terminals ( X, — X, ), where the inertial constant b is governed by

the geometrical configuration and lateral mass of the IAM. For the dead mass part, the inertial

reaction force is proportional to the average acceleration between the two terminals ((X, +X,)/2),

where the inertial constant is only governed by the lateral mass.
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Appendix - C. SDOF “m-c-K” OSCILLATOR

The monogramic diagram of such a system is presented in Figure C-1. The equation of motion of an

"m-c-k" system subjected to an excitation f (t)is

mai(t) +cu + ku(t) = f (t) (c-1)

f(t)L — Ju(t)

k,

ol

Figure C-1: Mass-spring single DoF system.

jot

Assuming an external harmonic excitation of the form f (t) = Fel* = Fel”  the steady-state response

of the seismic mass, which comes from the partial solution of the differential equation, follows the

frequency of excitation with a phase difference ¢ as
u(t) =Ue!™ =Uel‘“) (C-2)

The steady-state (SS) frequency response to a harmonic excitation can be examined via the transfer
function of the amplitude U of the response u(t) to the amplitude F of an excitation f(t)in the

frequency domain, which comes as

1
_ (C-3)

Tue (8) = ms? +cs +k

'I'Izl e
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. F
where s= jwis the complex variable. Defining the equivalent static amplitude asU; :?, the
transfer function of the dynamic magnification factor can be expressed as

) U k
H(S)=—=—= C-4
®) Ugs, ms®+cs+k (4

Furthermore, by also defining the ratio of excitation frequency to natural frequency as q =— and
0]

n

C
¢ = > as the damping ratio or fraction of critical damping, the dynamic magnification factor can
o.M

n

be expressed as

1
Ja-a%)? +(2¢q)?

[H(s)|=H(a,¢) = (C-5)

The factor H is maximized when the amplitude of the displacement is maximized, namely for a

certain damping ratio ¢

OH

— =0 _
a9 (C-6)
leads to

q=+1-2¢7 (C-7)

This means that the amplitude U and consequently the factor H assume their maximum values at a

frequency

0=0,1-2{% = o, (C-8)

which is the resonant frequency of the system. Lastly, the phase difference comes as

-2
@ =arctan (1 qij (C-9)

In the case of base excitation of the systemu, (t) =Ue! =Uel* | the equation of motion becomes
mu +c(u—ug)+k(u—uy)=0 (C-10)
which leads to

MU + cu + ku = cu, + Ku, = g (t) = Fett™? (c-11)
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where now the phase difference between excitation and response is

@ =arctan(-2£q) (C-12)

and F = kU~BJl+(2§q)2 . Thus, the transmissibility factor (TR) is defined as

TR(9.0) =Llj’ - Ui —H(q. O+ (200)° 13

In view of Eq. (C-13), another common way to express the amplitude of response of the system to the
amplitude of the excitation is in terms of acceleration to force. Namely, by integrating this transfer

function twice gives

SZ

~ a
LTV P — c-14
e (5) F ms®+cs+k (C14

and the magnitude comes as

FRF = ‘-IZAF (S)‘ = l > q22 > (C‘lS)
m J(1-0°)* +(24q)

which is often called the "accelerance" of the system, or just FRF (frequency response function). Of

course all of the above transfer functions are frequency response functions, however usually FRF

refers to the accelerance.

Figure C-2 shows the resulting frequency response of the dynamic magnification factor H . This is a

fundamental graph in vibration isolation. The curve can be divided into three regions:

e Static Region: The excitation frequency is significantly smaller than the natural frequency of
the system, thus the mass following the excitation moves at slow speed and with low
acceleration. In this region the elastic forces due to the spring, dominate the response of the

system.

e Resonance Region: The excitation frequency is close to the natural frequency of the system.
When they become equal the system is in resonance and the response is dominated the
damping forces due to the energy dissipation element. The amplitude of the response is

inversely proportional to the damping ratio ¢ .

e High Frequency (Inertial) Region: The excitation frequency is significantly larger than the
natural frequency of the system. The amplitude of oscillation is getting smaller while the
acceleration of the mass increases. Thus, the response is dominated by the inertial forces due

to the seismic mass.
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Inside the High Frequency Region, there is a certain value of the frequency ratio g where H becomes
unity, and as the frequency of excitation increases, the value of H tends to zero. This value may be

calculated as

O =V/24/1-2¢7 (C-16)

3L i
Resonance '
Region H
Damping | — TR(qu)
2.5+ controlled i 0=
T ~On
| ----Isolation limit
2 - static Region E —— TR(g,2)=1
Stiffness !
- controlled !
,L 15 ! Inertial Region
m : ' Mass
' controlled
P eer? SRSV R PR
0.5 i Isolation
0 | : | | | | | T
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
q=-

Figure C-2: Frequency response of 1 DoF mass-spring system to harmonic and base excitation - Dynamic

magnification factor H.

Figure C-3: Frequency response of 1 DoF mass-spring system to harmonic and base excitation - Transmissibility

factor TR.
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This means that above this frequency the amplitude of the response becomes smaller than the
equivalent static amplitude, therefore the seismic mass enters an isolation region. Thus, for the design
of an engine mount for example, subjected to periodic excitation due to the rotation of the engine,

the stiffness and damping elements of the mount have to be selected appropriately so that

0 =v241-2¢7 (c-17)

if wisthe frequency of the rotating engine at the operational point for example.

Finally, Figure C-4 shows the corresponding phase angles ¢ and @ of the transfer functions H and TR
respectively. An important conclusion from the curve of angle is the value of @ =-x/2when the
system is at resonance (q=1). In view of Eqg. (C-2), this means that the response of the system is
maximized when the force is instantly zeroed. Additionally, for all the above figures, a value of = 0:2
was considered for the damping ratio. By increasing the damping ratio, the response of angle - is
flattened around the resonant frequency, which means that the excitation and the response of the
system have a significant phase difference over a wider frequency range. In the opposite case, as the
damping ratio decreases, angle - presents a sharper variation around resonance and the response of

the system has the same phase with the excitation over a wider frequency range.

H phase angle ¢

- = | | |

| |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

TR phase angle 6

0 [rad|

Figure C-4: Corresponding phase angles of H and TR.
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As for the accelerance of the oscillator, the resulting frequency response is presented in Figure C-5. A
way to study this response is by considering the extreme values of an underdamped system, meaning
(=0 for an undamped system and C = 1 for a critically damped system. Then by examining the limits of

accelerance

lim FRF(q,¢ =0) =|-1/m|=1/m (C-18)
g—ow
Lifﬂ FRF(gq,{ =0)=w (C-19)
limFRF(q,{ =1)=1/m (C-20)
g—o
Ligq FRF(q,¢ =1)=1/(2m) (C-21)

This shows that regardless of the damping ratio, at frequencies significantly higher than the natural
frequency, the accelerance converges to a defined value 1/m. On the other hand, as the damping

decreases the resulting acceleration in the resonance region is increasing. The units of accelerance are

2

eitherin or g/ N, where gis the acceleration of gravity.
2.5 i
: — |Tarl(q,2)
N Q=awy,
- 2L : - ITAFI(q'Z):]-/m
&y i
5 ;
1.5+ :
ST U S _______________________________________________________________
05+ l
0 ! t I ! ! I ! I !
0 0.5 1 1.5 2 2.5w 3 3.5 4 4.5 5
q=g, -

Figure C-5: Frequency response of Accelerance (FRF).
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Appendix - D. METAMATERIAL DESIGNS

D.1 Structural Configurations For Low-Frequency Band Gaps (Wang et al.,
2022)

One of the key issues of the metamaterials is how to devise suitable configurations to obtain low-
frequency band gaps. This section aims to summarize the fundamental configurations that are capable
of obtaining band gaps in the frequency range below 100Hz. The structural configurations of
metamaterials can be classified into 5 categories according to their structural complexity and

supporting capacity.

Spring-mass configuration

The spring-mass configuration is the simplest constitution of the metamaterials but is the most useful
model to analyze the formation mechanism of the band gap. Consider the first scenario that all mass
elements and spring elements utilized to constitute the spring-mass chain are identical, the spring-
mass chain is homogeneous, and its vibration frequency spectrum is composed of only an acoustical
branch. For the second case, a unit cell contains two types of mass elements, as illustrated in Figure
D-1, and the vibration frequency spectrum of the inhomogeneous metamaterials consists of an
acoustical branch and an optical branch. As depicted in the right panel of Figure D-1, a band gap
capable of forbidding the wave propagation appears between the acoustical branch and the optical
branch (Patterson & Bailey, 2018). The beginning frequency and ending frequency of the band gap

opened by the diatomic spring-mass chain can be given by Jensen (2003).
2k 2k

g = [—, W =, [—, D-1
© =\ m, ==y, (D-1)
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where mgand m, denote the masses of two types of mass elements. k is the stiffness of the
connecting spring. Apparently, the band gap is related to the properties of the spring-mass unit cell,
which provides an approach to lower the beginning frequency of the band gap by decreasing the

stiffness or increasing the mass

@‘» @—» @ @—P @—) Acoustical branch
@" @—) @—b @—) Optical branch

(a)

w 4y/2k(m, +mp)/(m, +mp)

S Gl S

—7(':/(2a) q +7T:/(5(L)

(b)

Figure D-1: (a) Schematic diagram of a one-dimensional spring-mass chain and (b) its corresponding vibration
frequency spectrum.

Mounting spring-mass local resonators onto the primary structure, for instance, the spring- mass
chain (Lazarov & Jensen, 2007), the beam (Yu et al., 2006), and the plate (Xiao et al., 2012), is the
second way to open low-frequency band gaps. The operational principle of opening such low-
frequency band gaps is the local resonance. That is, much of the energy transfers from the primary
structure to the resonators when the excitation frequency is near the resonant frequency of the
spring-mass resonator. Such a phenomenon is referred to as the local resonance, resulting in large-
amplitude oscillations of the resonator and a restrained wave propagation along the primary structure
(Xiao et al., 2012). The band features of the metamaterials, including the frequency and width, are
dependent on the mass and stiffness of the spring-mass mechanism. That is, it is possible to obtain a
band gap in the frequency range below 100Hz without taking into account the support capacity

(Jensen, 2003). Generally, the gravity of the resonator is completely supported by the linear spring.
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However, the limited supporting capacity of the linear spring with a low stiffness may result in the
structure destabilization. Therefore, it is just a theoretical possibility for obtaining low-frequency band
gaps using spring-mass resonators, leading to difficulty in the engineering applications of the
metamaterials. Additionally, the space-consuming configuration of the metamaterials composed by

the spring-mass mechanism is the second obstacle for its applications.
D.2

Dispersion analysis (DDA Enhanced Phononic Lattice)

In this appendix, we provide the explicit form of the M, C, K matrices used in the dispersion equation
of the lattice without the DDA—Eq. (7-14) and, including the DDA—Eq. (7-15). Starting with the lattice

without the amplification mechanism, the dispersion relationship can be calculated from:

det[ M,ii+C,u+Kyu|=0 (D-2)
with the M, C, and K, matrices defined as follows:
2k, 0 —k, (1+e 1) 0 1
Lm0y sy
0 2ky 0 —kye 2 [e 2 +g? J
K, = 4 D-3
"k, (1+e) 0 2k 0 (03)
m (0 dmy iy
0 —k,e ? [e 2 +e? ] 0 2k,
o 2c, 0 —c, (1+e7 1) 0 ]
N )
0 2c, 0 —-ce ? [e 2 +e? ]
Cp= - D-4
" c (1+e™) 0 2c, 0 (D-4)
i (0 dmy iy
0 -c,e 2 [e 2 +e? J 0 ch

Finally, the system with the amplified masses mD can be calculated by multiplying M, C, and K by

the transformation matrix:

Qp:

o O O -

o O - O

N B O O

(D-5)

The dispersion relationship of the phononic structure with directional inertial amplifiers is given by:
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det[ -A*M,li+ AC, U+ Kpu |=0 (D-6)
Where
m 0 0
M,,=1 0 m 0 (D-7)
0 0 my(l+p?)
2k, 0 —k (L+e™)
—ay U
K,a= 0 2Kk, 2pk,e 2 cos 7y (D-8)
. iy /l
—k, (1+e™) 2pke 2 cos{%} 2k, +2p%k,

2c, 0 —c, (L+e7 ')

p.a y

—iH y7j
C..= 0 2C 2pce 2 cos 7y (D-9)
Iy

¢ (L+e¥) 2pcpe? cos(%} 2c, +2p°c,

D.3 Dynamics of the DDA Enhanced Phononic Latticed

In this appendix is given the explicit form of Eq. (20) of the lattice with and without the DDA for

M, =M, =2. The equation of motion of the finite phononic lattice without the DDA, for 2x2 number

of units is expressed in matrix formulation as:
MU(t) + Cu(t) + Ko u(t) = Fe* (D-10)

where Mg ¢, Cg0,Kgg, Ugys UgysUgys F . The Global mass[Mﬂ, damping [Cg] and stiffness

[K;?] matrices are defined as follows:
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m 0O 0 0 0 0 0 0
O m 0 0 0 0 0 0
0o 0m, O 0 0 0 0
|0 0o 0om 0o 0o 0 o
M=o 0 0 om 0 0 o0 (D-11)
0 0 0 0 0 my 0 0
0o 0 0 0 0 0 m 0O
(00 0 0 0 0 0 m|
2, 0 ¢, 0 0 0 0 0]
0 2, 0 0 0 =, 0O
—C, c, O 0 0 0 0
0 0 22, 0 0 0 -
=0 0 0 0 2 0 - 0 (b-12)
0 <, 0 0 0 ¢ 0 0
0o 0 0 0 - 0 ¢ O
0 0 0 —, 0 0 0 ¢ |
% 0 -k 0 0 0 0 0]
0 2 0 0 0 -k 0 O
% 0 k0O 0 0 0 0
1o 0 0 2 0 0 0 -k
“*=lo 0o 0o 0 2 0 -k 0 (D-13)
0 k, 0 0 0 k 0 0
o 0 0 0 -k 0 k 0
0 0 0 — 0 0 0 K

Similarly, for the lattice with the DDA, for My=M,=2 the global mass[Mia], damping I:CSJJ and

stiffness [Kﬁa ] matrices can be calculated from:

M>, =QeM7Q, (D-14)
Co. =QeCp Qs (D-15)
Koo =QeK; Qs (D-16)

where the transform matrix in this case is:
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(D-17)

100 0 00O
01 0 00O
001 0O0O0

00 p 000

00 0 1 00

000 p 00O

000 010

0 00 001
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Kawvotopueg Alataéelc Amoppodnong Kpadaopwy kat MetalAkd yio ' EAeyxo XapunAdoouxvwy Kupdtwy
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KAINOTOMEZ AIATAZEIZ ANOPPO®HEHE KPAAAZMQN
KAl METAYAIKQN TMA EAEFXO XAMHAOZYXNQN
KYMATQN

1. EIZATQrH

To avtikeipevo tng mapovoag SOAKTOPIKAG SLATPLBrC ETUKEVIPWVETOL O CUOTHUOTA EAEYXOU
TOAQVTIWOEWY Kal amoppodnong kKuudatwv kobwe kat ueBddoug PeAtiwong tNe OUVAULKAC
ouuUnEPLHOPAC KATAOKEUWY. JUYKEKPLUEVA, N EPELVA EOTIALEL OTN UEAETN UNXAVIOUWY Kol SLaTdte wv
OKOUOTIKAG HOVWONG, UE OKOTIO TN Helwon XaunAOCUXVWY OKOUOTIKWY KUPATWY. OL POTEWVOUEVEG
uTto e&étaon dlatatelc Baoilovral otn Bewpla Twv PETADAKWY Kal TNG SUVOLLKAG evioyuong kabwg
Kal otnv epapuoyr cuoTtnUAtwy apvnTikAC otlBapotntag, ta onoia oxedlalovral AapPfdvovrag

UTTOWP LV TOUC €V YEVEL TTEPLOPLOUOUG.

JAuepa, n meplBarhovtikn nyopumavon Bewpeital n deltepn peyaAltepn attia pumavong otov
KOOWO, LETA TNV atpoodalplkn punavon. H ékBeon oe évtovo meplparlovtikd Bopufo cuUBANEL o€
SLAPOPEC EMMTWOELS OTNV UYela Kal amoTteAel pia avéavopevn avnouyia Toco Tou kolvou 600 Kal TNG
maykooulag ToALTkAG. Mpoketal avapdifora ywa éva cofapd INTNUA OTIC OUYXPOVEG QOTIKEG
TIEPLOXEG TOU pmopel va unmoPfabuicel onuaviikd tnv mowotnta {wN¢ tTwv avBpwnwy mou {ouV o€
QUTEC. 20udwva pe tov MOY, n unepPoAikn €kBeon ota vnAd emnineda BopuBou mMpoepydLEeEVa amod
Vv 061KkN Kukhodopia pmopel va auénoel Toug KvdUvoug epdaviong Loxatpikng kapdlomabelag (IHD),
eykePaAlkoU emelcodiov kal SlafnTn. EmumAéov, onuaviikég SlaTtapayéG Tou UTVOU UTopouv va
npokAnBouv ce dtopa mou ektiBevral oe uPnAd enineda mepBarlovtikol Bopufou yla peydia

XPOVLIKA SlaoThuata.
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Ta TpEYOVIA HETPA TIPOOTACLAC Ao Tov BOpUB0 GTNV TIEPLOXN XAUNAWY CUXVOTATWY, KATw arnd 500Hz,
Kal Wblaitepa otnv meploxn KeTagy 20Hz kat 100Hz, Sev lval oUTe amoTEAECUATIKA OUTE €PAPUOCIUA.
Tautoxpovwe, TIOAAEG TiNyEC TtepLBaAlovTikoU BopUBou SLaBETOLY CNUAVTIKO GUXVOTIKO TIEPLEXOUEVO
0f QUTA TNV TEPLOXN. XOPAKTNPLOTIKO TAPASEYUA AMOTEAOUV T OXAMATA OAWV TWV TUMWV
(autokivnta, dopTnyd, TPeva, OEPOTAGVA K.ATL.) KOl OL KOTOOKEUQOTIKEG SpaoTtnploTNTEC (T.X.
Suvaulkn cuprieon, cuprnieon 0800TPWHATOC, TTACCAAOUTINEDN, AVATIVAEELC). ZUVETIWGE, O OXESLOOUOG
eAAPPWY KATAOKEUWY HE QVTIKPASAOUIKEG KOl NYXOATIOPPOPNTIKEG LOLOTNTEC ATV TIAVIA TEXVIKA

QUTTOLLTNTIKOG KO TIPAKTLKA KPIOLHOG.

Tig teheutaleg SUo Sekaetieg, UTIAPXEL TEPAOTIA AVATTTUEN OTOV TOPEQ TNG AKOUOTLKNC UE OKOTIO TNV
amoppoédnaon NG S1adoong Twv NXNTIKWY KUPATWY. Qotdo0, Ta Tapadoolakd AKOUCSTIKA UALKA £XOUV
OPLOUEVOUG TIEPLOPLOUOUC OO0V adOopd TNV NXOUOVWAN KAl TNV amoppodnon oe XaUNAEG OUXVOTNTEC.
H €peuva yla tv Slepelivnon TNC AKOUOTIKAG amddoonc TwV KOWWY UECWVY AKOUOTIKAG UOvVWonc,
onwe ta metaouata yvpooavidag, €oTAlEL TIG TEPLOCOTEPEC POPEC OTIC TIEPLOXEG UECAiWV Kal
vNAwv cuxvotNTwy. Artevavtiag, n LeT@doon Tou Axou otnv Kplown meploxn Twy ocuxvothtwy 0-200

Hz éxel apyloel va e€etadletal HoOALG poodaTta.

JUVOTITIKA, N ouyxpovn €peuva Tepapfavel dladopa akoUoTIKA UAKA, Omwe PUOLKES (veg Kal
OVAKUKAWUEVA UALKA, QKOUOTIKEG HAUPEG TPUTEG, SLATPNTA TIAVEA Kal Ttponyuéva adpwdn UALKA pe
OTOXO TNV €mniteuén nXNTIKAG MOVWONG O HEYAAO €UPOC CUXVOTATWY. H kavoTnTa TwV VEWV
TEXVOAOYLWV KAL TNG €PEVVAG ETUTPEMEL TNV KATAOKEULT] TTOAUTIAOKWY CUOTNUATWY OTWC TEPLOOIKEG
douéc pe Bdon ta petaUAkd, mou avalntouv AUon TPo¢ TNV KAateLBuvon Tou UETPLACUOU TOU
BopuBou xaunAwv cuxvoTATWY. Ta UETAUAKA elval TexvnTéC, ouvhBwg TEPLOBIKEG 1 Tuxaieg OoUEC,
Twv omolwv n meplodikéTnTa pnopel va adpopd TI¢ GACELS TOU UALKOU, TNV ECWTEPLKA YEWUETPIA A TG
OUVOPLOKEG OUVOAKEG, KAl ETUTPEMOUV WE OUTOV TOV TPOTO TOV XEPOUO TNG HETAdoong Twv

OKOUOTIKWY KUUATWV.

Av Kol Ta CUPPATIKA UETAUAIKA PE TOTUKO CUVIOVIOUO daivovtal TTOAAG UTIOOXOUEVA OTOV TOUEQ TOU
EAEYXOU TWV TOAAVIWOEWV KAl TNG NXNTWKACG €€aoBévnong, e€akolouBouv va UTIAPXOUV OPLOUEVOL
Kplolol meploplopol ToU amaltolV EMLOTNLOVIKY TPOOOXA Kal TEPALTEPW HEAETN. Eva amod ta
onuavtikotepa {NTHuaTa eival n anaitnon oykwdwy, e0WTEPIKWY UalwV KAl LEYAAWY UETAKIVAOEWY
TWV ECWTEPLKA TAAQVIEUOUEVWY OOHWY, OL OTIOLEC Ymopel va TteputAééouy TNV edappoyn Toug. MNa to
oKOTIO aUTO, N cUYXPOVN €PEUVA ETIKEVTPWVETOL 0€ SLAPOPOUC UNXAVIOUOUC E OKOTIO TNV TEXVNTA
avénon ¢ adpavelag TNG cLVIOVILOUEVNG UAlag, Kal TNV AVATTUEN PEAALOTIKWY UNXOVIOUWY TIOU

UmopoUV va  emtuyxouv  eupulwviky €facBévnon Twv OKOUOTIKWY KUPATwv. Mia  ouvtoun
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BiBAloypadikn avaokomnon g Texvoloylag Twv PeTalAkwy Kabwg kal peBodoloylwy evioyuong

TIAPEXETOL OTO OAOKANPWUEVO TEUXOC TNG SLATPLPBAG.

‘Exovtag wg otoxo TNV MElwon Twv amaltnoewyv UAlag TwyV UPLOTAUEVWY CUCTNUATWY, €XOUV Yivel
TIPOOTIABOELEC TIPOG TNV KATELBUVON TNG TEXVNTAC avénong tng adpAvelag TG ouvtovi{OUEVNG HAlag
HECW UNXAVIOUWY evioxuonc. H elocaywyn otolyeiwv apvnTikng otipapotntag (NS) €xel mpotabel wg
TEXVNTOG TPOTOG aléNonNGg TG adpAvELOG TwV TOAAVIWTWY Kol BEATIWONG TNG SUVOLLKAC OmOKPLONG
Sladopwy kataokeuwy. Eva mapddelyua evog TETolou amoppodntr pe Bdon to NS eival o KDamper
(KD) mou €xeL etetaotel o SLADOPEG UNXOVOAOYIKEG €PAPUOYEG, OTWCG N CELOWUIKA HOVWOoN, N
nipootacia kataokevwv (Konstantinos A Kapasakalis et al., 2020; Konstantinos A. Kapasakalis et al.,
2020) kat n nxopeiwon xaunAwv ouyvotritwy (Kalderon et al., 2021; Paradeisiotis et al., 2020). 2to
TAQO0 TwV PETOUAIKWY, N EVOWUATWON OTOWE(WY OpvNTIKAG oTRAPOTNTAC OTO TAAQAVIEUOUEVO
ovoTnua mapoucldlel ehmbodopa amoTEAECUOTA, ATOKAAUTITOVTOG TIG SuvatoTnTeC Xpnong Tng
apvnTikA¢ otBapotntac (Antoniadis et al., 2015, 2016; Paradeisiotis et al.,, 2020) mpog tnv
katevBuvon Tou oxedloopoU akoucoTikwy HeTalAkwy (. Antoniadis and Paradeisiotis, 2018; I. A.

Antoniadis and Paradeisiotis, 2018; Chronopoulos et al., 2017, 2015).

OL edappoyég mou mapouclalovial Kal UEAETWVTAL oTnv mapovoa SlaTplPry mepAapfavouy tnv
eloaywyn otolxelwv apvntkne otBapotntag (Unxaviopog KDamper) o cuvduaopd He SUVALKOUC
EVIOYUTEC WE TN Hopdn BAoEwVY TIOU eVIoXVOULV TIG OLOTNTEG NXOUELWONG AKOUOTIKWY TETACUATWV.
EruumAéov, mapoucldlovtal ePpapuoyEC PETAUAKWY HE TNV eVOowPATwon amnoofectripwyv KDamper
TPOC TNV KatevBuvon TNG POVWONG TOU AXOU XAUNAWV ouXVOTATWY. Me OTOXO TNV TEPALTEPW
Slepelivnon Twv SuVATOTNTWY TWV HETAUALKWY OTLG XAUNAEG CUXVOTNTEG, IO PoUOLAlETAL VoG amAOC,
KALWOTOMOG HNXavilopog duvaplkng evioxuong, ovopatt DDA (Dynamic Directional Amplifier), kat
eloayetal yla mpwtn ¢opd oe dlddopeg epappoyeg. Avtég mephapBdvouy dwvovikoUg KpuoTAAAoUG
KAl TOTIUKA OuVTOVI{OUEVA UETOUAKA, KaBwg Kol TETAOUATA OKOUOTIKAG povwons. H avaiuon
mepAauUBAvEL avoAUTIKA, aplBUNTIKA KAl TIEPOLATIK afLOAOYNon Kal avadelkvUEL TNV EUEPYETIKA
enidpaon tou pnyaviopou DDA mpog Tov EAeyX0 TOAQVTWOEWY XauUnAng ouxvotnTac. O YeVIKOG OTOXOC
™¢ SatplBAg elval va eufabuvel otny alxur tNC €PEUVOCG OTOV EAEYXO OKOUOTIKWY KUHATWY Kol
TOAQVTWOEWY, SLEPEUVWVTOC TIG EEALPETIKES LOLOTNTEG TWV UETAUAIKWY €VIOXUOVTIAG TA UE OTOlXEla

apvNTIKAC oTRapotntac, kabwg kal AAAOUC UnXaVIoHoUC evioxuonc.

YUYKEKPLUEVQ, OTO KePAAalo 2 mapouataletal pia amAi avaluTikr péBodog yla tnv mpooouoiwan Tng
anwAelag dladoong AXoU HECW TETAOUATWY €dpalouevwy o€ eukapnteg otnpiéelc. H pébodog
XPNOLUOTIOLEITAL OTN CUVEXELX WG KUPLO EPYAAEIO YLa TOV UTIOAOYLOUO TwV OLOTATWY NXOUEWONG TWV

TIPOTEWVOUEVWY OKOUOTIKWY CUOTNUATWY Kal UETAUAKWY. XTo keddAalo 3, mapoucldlovral T
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TIPOTEWVOUEVA CuOTAUATA apvnTIkAG otiBapdtntag (KDamper) kabwg kal £dappoyeG TOUug O€
OKOUOTIKA TIETAOHATA Kal LETADALKA amoppodnong TAAAVIWOEWY XAUNANC CUXVOTNTAC. XTO KEPAAALO
4, mopoucLAleTal TO KALWOTOMO ovotnua duvaplkng evioxvong DDA (Dynamic Directional Amplifier)
KaBwg Kal ePAPUOYEC TOU 08 GWVOVIKOUC KPUOTAANOUG KOl TOTUKA CUVTOVL{OUEVA ETAUALKA. ETELTA,
Ol SUVOLLKEC LOLOTNTEG TWV HETAUALKWY (HE Kal xwplc evioxuteg DDA) emaAnBelovtal TEPAUATIKA UE
™ xpnon mpwtotutwyv LEGO® kataokeuwv ol omoleg e€etalovial €vavtl SLEYEPCEWV XAUNANG

ouxvoTNTOaC.

2. MPOzZOMOIQzH THZ ANQAEIAZ AIAAOZHZ HXOY MEZQ NETAZMATQN
EAPAZOMENQN 2E EYKAMNTEZ ZTHPIZEIZ

2.1 Eloaywyn

YKOTOG Tou kedbahalou elval n mapouasioon pag aming, aVaAUTIKA G LEBOSOU yla TOV UTIOAOYLOUO TOU
belktn nyoueiwong (STL) eVUkapmtwyv metaopdtwy. H péBodog autr amd €dw kat oto &€nc Ba
npooblopiletal wg “In series LPM” kat PBaoiletal oe éva amAd MPOCOLOIWHA CUYKEVTPWUEVWY
TIAPAUETPWY. TO TIAEOVEKTNUA TNG TPOTEWVOUEVNG HeBOdou, oe olykplon pe tnv Rayleigh-Ritz n
omoladnmote AMn avaAutiki Auon, elval n duvatdtnTa Mpocopoiwong omolovOATOTE CUVOPLAKWY
ouvBNKwV Xwpig TN XPrHon TMOAUTIAOKWY HABNUATIKWY HOVTEAWY ] aplBUNTIKWY TIPOCOUOWOEWV.
Quolka, To avtotaBulopa slval n pewwpevn akpifela, kobwg AapBdavetal umoPn povo n mpwtn
OLOPOoPdr TWV TETACUATWY. XTNV apxn MapoucldleTal O UTOAOYWOUOG Tou STL yla tnv Bacikn
nepintwon am\d edpaldpevwy METACUATWY KoL 0T OUVEXELA N Bewpnon enektelveTal yla va KaAUEL

TIEPUTTWOELC EAAOTIKWY EOPACEWV 1) TILO TIOAUTIAOKWY otnpitewv (keddAalo 3).

2.2 Am\a e6paldpevo metaopa — pooéyylon 1" 1lopopdng

AvaluTtikéc AUoelg yla tnv emniluon tou TmpofAnuatog Suddoong nxou OSlapécou evoc amid
e6palduevou METAOUATOC Hmopolv va Tipokupouy péow ueBddwy umépBeanc olopopdwy OMwe N
Slatumwon tou Roussos (1985) - Mapaptnua A.3. Qotdoo, TPOoKEUEVOU Va HELwBEL n moAuTtAokdTNTA,
0€ QUTEC TIC QVAAUTIKEG TPOOEYYioElG ocuvABwe amodelyeTal O0TOUG UTIOAOYLOHOUG O OpOG TNG
ETAVEKTIEUTIOMEVNG TiieoNng 2, (f,n,t) (mou ouyva avadépetal we "Poption pevotol"). TUUdwWVA UE

Tov Roussos (1985), n mapdAewpn tng emidpacnc TG EMAVEKTEUTOUEVNG THEONG ETITPEMEL akpLPn
AUoN o€ LEYAAO €UPOC CUXVOTATWY, EVW N akpifela pewwvetal 6tav AUCELS avalnTouvtol KOVIA oTn

BepeAlwdn ouxvOTNTA CUVTOVIOHOU TOU TETAOUATOC. 2TO 2XAua 1 amewoviletal To umoeétaon
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Vii

nenepaopévwy Staotdoswy (| h) opoyeveg metaoua, kot ta Stavvopata mpooTintovoag (P, ),

xrlyr

avVOKAWHEVNG ( P, ), Kot LETASEOHEVNG ( P oy ) NXNTIKNAG THLEONG

8.0

oA
Pr+ey
....... "-..°<>'
“ % \ transmitted

“Prag

Z

infinite rigid baffle

Jynua 1: (Aptotepa) Aiadoon rixou os memepacuevn mAaka. (Aséid) Toun MAGKAG LUE ATTELKOVION SLAVUTUATWY
nxnTikng rtieonc .

Aebdopévou OTL oTnV Tapovoa €peuva n NXNTIKA Tiieon adopd cuxVOTNTEC KOVIA OTOV GUVIOVIOUO TOU
TIETAOUOTOC, N TIPOTEWOWEVN TPOCEYYLON Tepappavel tnv emidpacn Tng $oépTIoNng PeUCTOU.
AapBdavovtag unmoPv povo tov Bepehlwdn Slopopdn Uog amAd otnpopevnG TAAKAG, TO XWPELKA
60PTWMEVO TAATOG TNG eykapolag petatomong w(&,n) = W, (&,7,t)e”’ umoloyiletar ano

ouVAPTNON OXUATOC:

W, =Clsin(7:—§jsin[7lr—77J (1)
x y

H ripokumnttouoa ekdpacn yla tnv ekmepnopevn (aktivopolovpevn) woxu I, divetat amo v EE. (A-37)
napdptnua A.4. YrmoBEtoviag KOVOVIKA TpooTtintovia KUpota (6?i = 0) , N TpooTintouca oxUG

uTtoAoyiletal wg:

I:)izlxly
M= 2
204Gy

Kal o cuvteAeoTr ¢ HeETAOOTIKOTNTAC T WC:
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viii Extevic MNepidnyn

1 (16(02:00 )2

T, =—
1 A, —jkr
7°rh(w! — »*) -160° p,

|
2 Op (3)

r

OTIoU N amooTacn F TIPEMEL VA €lval QPKETA HEYAAN WOTE VA IKAVOTIOLEITAL N TIPOCEYYLON TOU

, , 2 D7Z'4
HAKPLVOU nieblov kot W, = _h
P

1+
12 T2
127

] N WloocuxvotnTa Tou ami\d e5paldpevou TeTaopatoc. Qg
y

l,, OULBOAIZETaL TO SUTAG OAOKAMpWHA TTOU TieplypadeL TV Nodapikr) Stddoon (Appendix A.2).

AvtioTolxa, o cUVTEAEOTAG UETASOTIKOTNTAC OTNV TteplmTwon mou dev AapPBdavetat utoy n "doption

peuoTou" umoAoylleTal wg:

2
40’ p 1
Tipm :ley[ 3 0] [ I (4)

2 “Op
* 2 2
z m, ‘a)l ) H

OToU N yevikeupévn pada m; kat otBapstnta kK, Tou 16o8Uvapoy HoVOBEBIIOU TIPOCOUOLWHATOG
Bewpwvtag uovo tnv mpwin Olopopdry tou metacuatog (YANG et al, 2012), umopouv va

UTTOAOYLOTOUV aTto TIG APAKATW eKDPATELG:

. phll Ll
m =200 By M (5)
4 4 4
. D7r4|X| 1 1
1 = ! = _2 2 (6)
PR AT

210 XxAua 2, mapouolaletal n ocuykplon Tou Selktn nyopeiwong (STL) evog amAd edpaldpevou
TIETAOLATOC, UTIOAOYLOPEVO HE TN LEB0SO pLag lopopdnc e "doption peuotol"” (kitpvn KaumuAn),
Xwplc ™ Poption peuctol (UMAE KAUmUAN), kat Ye tnv péBodo tou Roussos (1985). H kokkivn
OLOKEKOUUEVN VPO QVTUTPOCWTTEVEL TNV CUUMEPLDOPA EVOC AKAUMTOU TETAOUATOC TIEMEPACUEVWV
Sdlaotdoswy, n omola pmopel va AElToupynoel WG KAUMUAN avadopdg yla Sladopes cuykploelc.
Yuykpivovtag e peBodouc pe katl xwpic TNV emippor) Tou 6pou "ddption peuctol"”, mapatnpeital OTL

N $OPTLON UE PEVCTO EXELTIOAU UIKpN eTibpacn otnv anmdoPBeon NG mPwTNG LOLOUopdAG.
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80 ¢ ——Lumped Model
----- FFR Panel
70 —Roussos
SS w/FL 1%mode

50 100 150 200 250 300 350 400 450 500
Frequency [Hz|

Zxnuo 2: SUykpton UeTaéu uedodwv Roussos, 15 mode kot LPM yia tov urtoAoytoud tou STL amAd eSpalouevwv
EUKOUTTTWV TIAQKWV.

2.3 MéBobog unoloylopou tou deiktn nyopeiwong — “In series LPM”

O akpBnc BewpnTKOC UTIOAOYLOUOC TOU TPOTIOU HE TOV OMOI0 N KAWMTIK oTRapotnta vog
TIETAOUATOC cLUVOUATETAL LE TN OTIRAPOTNTA TWV EAACTIKWY BACEWY OTHPLENC elval pa SUoKoAN Kat
niepimiokn dladikacia (Du et al., 2012; Zhang and Li, 2010). Zuvenwg, otoxog ival n Slatunwaon KLog
efopBoloylopévng dladlkaciag Kot o UTtoAoYLoPOG Tou Seiktn nyopeiwong (STL). H Baowkn mapadoxn
¢ Bewpnong autnc, elval OTL N KAUTTIKA oTRapdtnTta NG Mapapopdwolung mAAKag eival Kotd
KATIOlo TPOTO O OELPA HE TN oTIRapdtnTa TNC oTAPLENG. H ouvolkr oTifapdtnTa TOU CUCTAUATOC
dnAadn unopel va unohoylotel wg:

k - kl*kro

ot m (7)

‘Otav n otpn elvat oAy Svokauren (k, >k ) obnyel oe k, = k', dnAadh mpooeyyiletal n
nepintwon g anmkd otnplldpevng mAakag. ‘Otav n otifapdtnta NG otrpLEng teivel oto undéyv, to
TETOOMO OUOLAOTIKE Kwveltal eAeuBépa. Xtnv mepimtwon mou n otPapotnta otipng K, eivat
OUYKPLTIKAG TAENG MeyEBOUC pe TN oTBapdtnta Tou metdopatog K , umdpyel kdmowa amokhon
HETAlL NG UToAoYOUEVNG LOLOoUXVOTNTAC TOU CUOTAHATOC KAl TNG TPAyUaTikng. Qotdoo, OTLq

neputtwoelg orou ky >k A ky <k, n anokhon petwvetad,
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210 ZxAua 3, mapouclaletal To LoodUVAUO SUVOLLKO TIPOCOUOIWHA EVOG AETTOU, TTOPALOPDWOLUOU
TIETAOUOTOC el EAAOTIKWY OTNPLEEWY. AUTO EMITUYXAVETAL E TN XPNON TWV YEVIKEUUEVWY TILWV TNG
KQTAOKEUNG, ONAAdH TNG YeVIKEUMEVNG HAOC KoL TNC OvTOTONG YEVIKEUUEVNG oOTIRapoTnTOg
Aappavovtac umoPy povo ™ mpwtn Wilopopdn, cuudwva pe tig EE. (5)-(6) mou xpnotuomolovvral

OTLG Tep(mTwon Tou amAd e6paloeVoU TTETAOUATOC.

ql(t)t my*

k,*

ko

Sxnua 3: Movoypapiko Stdypauua mapapoppwotuns nhdkag el eAaoctikric éSpaong ottBapdtntas K, .

To STL urmtoAoyiletal otn cuvEXELa WC,

STL =10log,, GJ (8)

OTOU 0 OUVTEAEOTNC LeTadoTkOTNTAG SlveTal amnod tnv ékdpaon:

40’ p, 1
Tzlxly( 7 O] 0+ 7 Lo (©)
[’ m + K (1-TF,,)|

H ouvdaptnon petadopdc TF adopd tov TUMO TNC OTAPLENG, EVW OTN TEPIMTWON AMAWY EAQCTIKWY

ebpdoewv TF =0. Zuvenwc:

2
4 1
relzlxly{ ;;3IDOJ| . o (10)
—O M+ Ky
24 Zuvoun

Y& QUTO TO KEPAAQLO, TTAPOUGCLAOTNKE TO Bewpntikd umoBabpo NG akouoTikng Bewplag “In series
LPM”, n omola otn cuvéxela epappoletal otig SLaTtaels amoppodnong TAAAVTWOEWY Kal LETADAIKWY.
To TIAEOVEKTNUO TNG TPOTEWVOUEVNG PEBOOOL O OXéon UE TIC To CUVBETEC AVAAUTIKEC, €lval n
duvatotnta povtelomoinong omolovOAMOTE CUVOPLOKWY CUVOAKWY XwpIlc T XpAon TMOAUTIAOKWY
HLABNUATIKWY LOVTEAWV 1 aplBUNTIKWY TIPOCOoUoLWoewY. QUOLKA, TO avTLOTABULoUA Elval N LELWIEVN

akpiBeta, kabBwg AapBavetal umtoP v Lovo N TpwTn LELOUOPHN TWV TETACUATWV.
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3. ZYZTHMATA ANOPPO®MHZHZ TANANTQZEQN APNHTIKHZ
2TIBAPOTHTAZ

3.1 Eloaywyn

2T0 KeEPAAALO AUTO TOPOUCLAlETAL N €EETAON CUCTNUATWY AMoPPOPNONG TAAAVTWOEWY E OTOLXE(D
apvnTkAg otapotntag. Ot mpotelvoueveg dlatatelg Baaoilovtal otov pnxaviopnd KDamper, pia véa
TIPWTOTIOPLAKN LOEQ LOVWONCE TAAAVTWOEWY KAl amocBeonc mou StapopdwVeTAL LECW TOU BEATIOTOU
ouvduaouoU aTolxelwy BETIKNC Kal apvnTIKAG oTiRapotntac (Antoniadis et al., 2018). JuyKekpUEVQ, N
16éa autn ouvbualetal e évav Suvauko evioxuth (IAM), pe okomd tnv mepetaipw avénon twv
SuvatotATwy Tou KDamper Kal mpooapUoleTalL ylo TNV AVATITUEN 0TNPLEEWY OKOUGTIKWY TETACUATWY
KOl TIETAOUATWY TUTIOU OAVIOULTE, PE LOLOTNTEC XAUNAOCUXVNG OKOUOTIKAC HOVWoNnG. Ta akoUoTIKA
otnplyuata Baocifovtal oto Bewpntikd mpocopoiwpa KD-IAM (evotnta 3.3), evw To METACUA TUTIOU
oavtoultg otnv TepLodikn emavaAnyn povadlaiwv keAlwv KD-IAM, &nAadr otn Bswpla Twv
OKOUOTIKWY UeETaUAKwY (evotnta 3.4). Apxikd, otnv evotnta 3.1 mapatiBetal n Bewpia tou KDamper
pall pe tnv mepopatiky emaAnBeuvon Twv SUVATOTATWY TOU HNXOVIOHOU KOL OTn CUVEXELD TO
BewpnTikd uTOPBaBPO, N enainBeucn pe TN Xpron menepacpévwy otolxeiwv (M.2), kot o oxedlacuocg

TWV TTPOTEWVOUEVWY SLaTAEEWV.

3.2 Auvapikoé Zootnua Anoppodnong Tahavtwoswv KDamper

To KDamper mapoucldotnke yla nmpwtn dopd to 2018 amd toucg Antoniadis et al. (2018) wg éva
KALWOTOUO TabnTikd cuotnua eAéyxou taAaviwoswy. H 16éa Baoiletal otov BéATioto cuvduaoud
otolxelwv otfapdtntag, Lalag kal anooBeonc, CUUMEPAAUPBAVOUEVOU €VOG OTOLXElOU QPVNTIKAG
otBapotntag. H elocaywyr) tou otolxelo apvntikAc oTifapdtnTtag otov pnxavioud Ponbael otnv
kivnon oe avtiBeon pe ta cupuPatikd ehatrpla ou Tnv duoxepaivouv (Molyneaux, 1957). To cuoTnua
ouvOlUAlel TA EUEPYETIKA YOPOAKTNPLOTIKA TNG OpVNTIKAG OTIRapoOTNTOC KAl TOU Tapadoolakol
anoofeotipa  ouvtovilopevng palog (TMD), obnywvtag o pla SLATagn mou €L0AYEL EEALPETIKEG
duvatotnteg amnoofeonc. Na SopKA CUOTAUATA, N AMALTOUMEVN APVNTIKA oTRapoTnTa pnopel va
emiteuxBel pe ™ Xprnon CULPATIKWY TIPO-CUUTIECUEVWY eAATNPiwyY TOMOBETNUEVWY O KATAAANAN
vewpetpla, SOKWVY UTIO AUYLOUO, TAAKWY Kal AAAWY TIPOEVTAUEVWY UNXAVIKWY oTowelwy (Virgin et al.,
2008; Winterflood et al., 2002), evw o0& MEPIMTWOELS AKOUOTIKWY EGAPUOYWY, AKOUA KAl UE TN Xpron
npoevteTauévwy Slokoedbwy elatnpiwv (Belleville) (Antoniadis et al.,, 2018). H evowpdtwon Tou
otolxelou apvntikng otlBapdtntag auldvel TIC adpavelakeS SUVALELS TOU amOOBECTPA KAl LELWVEL
ONUAVTIKA TNV avaykn yla ueydAn pala (Kapasakalis et al.,, 2020; Paradeisiotis et al., 2021, 2020).

EmutAéov, n owotr katavoun tTwv otolyeiwv otBapotntag kat palag otn Sudtaén, odnyel oe éva

Kawvotoueg Alatatelc Amoppodnong Kpadaopuwy kot MetadAka yia EAeyxo XapunAocuxvwyv Kupatwy



xii Exktevng Nepiinyn

olOoTNUA TIoU elval TO0O OTATIKA 000 Kol SUVAMIKA €VoTaBEG Omou pe TNV Kat@AAnAn oxebioon
Slatnpeital n apxikn/otatikn oTiBapdtnTa TNG KAtaokeung. To ZxAUa 4 Mapouotalel OXNUOTIKA TOUG

HUNXavIopoUg tou cupfatikot TMD, tou TMDI kaBwc, kat tng kawotopou oeac tou KDamper.

f(t) T_ _Tus(t) flt) T_ _Tus(t)

k2 J. ¢p k2 k.2

§

f(t) L _Tus(t} f(t) L Jus(t)
m

ky/2 k2

§

ky/2

(v) (6)
ZYNua 4: SxnuaTikn avarapdotacn SUVOLKWY CUGTNUATWY aIToppo@nonc taAavtwoewy: (a) povoBaduioc
Tadavtwtrg (m-c-k), (8) armrooBeotripac ouvtoviouevnc ualog (TMD), (y) BeAtiwuévoc amooBeatrpac
ouvtoviouévnc ualac ue ototxelo inerter (TMDI), (6) tadavtwtric KDamper.

‘Exouv npotabel dSladopeg maparlayeg tou Taravtwtr) KDamper omou n Stéyepon aokeite otn Bdaon
TOU 1] OTNV KOpudr] TOU, Ol CNUAVTIKOTEPEG amod TIG omoleg elval: (i) To "kAaowo" KDamper, (i) n
Sdleupupévn €kdoon tou KDamper (EKD), (iii) n Steupupévn ékdoon tou KDamper ue inerter (EKDI)
(Kapasakalis, 2020). Itnv mopouca epyoacia mapouclaletol pla véa BeATwwpévn €xkdoon Ttou

Unxaviopou omou to KDamper cuvSudleTal pe évayv pnxaviopd adpavelakng evioxuong (I1AM).

3.2.1 KAaowr ékdoon tou KDamper
310 IxAua 4 (8) mapouaoidletal n Baoctkn WWéa tou «kKAackou» KDamper. H mpwtn Bacikn amaitnon

Tou KDamper ivat va dlatnpeital n UVOALKH OTATIKY oTLRapOTNTA TOU CUGTHUATOG:

k
p—N:(Z”fo)Z(m"'mD) (11)

k, =kg +
© Uk, Ky

Ol etlowoelg kivnong tou KDamper otnv mepintwon mou epapuoletal pa appoviky Stéyepaon otnv
Béon tng ualag m eivad:
mls + ¢, (Us —Upy) + ksug + Ky (ug —up) = f(t) (12)

mpUp —Cp (Us —Up) + KyUp —Kp (Ug —Up) =0 (13)
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YroB€tovtag OTL N appovikn Sléyepon €XeLTn HopdN

f(t) = Fe'' = kU e (14)
Kal oL amoKpLloeLlg oTabepn g KATAOoTAoNG Elval TNG HOphNC:

ug(t) =Ue! (15)
u, (t) =U e/ (16)
omou L]S ,UD TO PLyadikd MAATN TNG amoKpLonG.

Ol e€lowoelg kivnong tou KDamper Slatunmwvovtal wg:

—o’mUg + joc, (Ug —U,p) +k, (Ug —Up) + kU = (t) (17.a)
—o’mU, + joc,(Ug —U,)—k, U, -Uy)+k U, =0 (17.8)

‘Bvag mpooekTikdg €Aeyxo¢ twv Eflowoewv (17.a, B), amokoAUmtel OTL To MAATOG TNG SUvAUNG
adpavelag F,y tng mpoobetng palag kat to mhatog Fy tng apvntikng duvaung otpapotntag elval

akpBwg oe dacn, Adyw TG apvnTkng Tung tng Ky, . Ot duvapelg auteg unmoloyifovrat wg e&ng:
Fuo = _a)sz ‘U D‘ (18.a)
Fy sz ‘UD‘SO (18.8)

‘EtoL, mapopola pe to inerter (Smith, 2002), o KDamper auvédvel éuueoca tnv adpdvela tng mpooBeTng
pagag my . Entiong Ba mpemel va onpelwBel ot n T tng duvaung F,, eaptdtat amod tnv ouxvotnta
Sleyepong, evw n tn g Fy elvat otaBepn.

OL ouvapthoelg petadopdg tou KDamper vy appovikry Siéyepon f(t) otnv kopudn tou

Sdlatumwvovtal we e€Nc:

Tur :?S:
-my@” + jac, + K, +K, (19)
mmye* — (M +mg)c,0’ — (MK, +Ky ) + Mgk +mpky)a® +cp (K + Ky )s +Kg (Kp +Ky, ) + KoKy,
~ V] -
Hy =—=k,T, (20)
us UST 0 "UF
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H :U_qu_DH __ (acy +ko)ky (21)
U, Uo " —ofmg + joc, +ky

JUVETIWE EL0AYOVTAL Ol akOAOUBEC TTapAUETPOL:

g=my/m (22.a)
ko =k +ko (22.B)
@y =+Jkp I My = J(Ky +k;) /Mg (22.y)
Co =Cp l 200,my =Cp 1 2,/(k,, +ko)my (22.5)
My, =M+ My (17.€)
fo =K/ My, 127 = [(ks +Koky /Ko +Ky)/ (M+mg) /27 (22.07)

3.2.2 Aweupupévn €kboon tou KDamper (EKD)

H 16¢a tng dleupupévng €kdoaong tou KDamper (EKD) cuviotatal otnv evallayr) BEcewv Tou BeTikol
ka apvntikou otolyetov otpapdtntag Ko, Ky, kat otnv mpooBrikn evog amooBeotrpa mapdAAnAa os
K&Be éva amod autd Ta otolxela. Apxikd, n evaAdayn autr yivetal yla texvikoug Adyouc. Mpwtov, Ue
autn ™ dudtaln, oto orowxelo apvnTikAg otiPapdtntag dev aokeltal kapia eEwteptkn Suvapn, OMwg
otnv mepintwon tou KDamper omou aokeitat to 8lo Bapog tng M, . AeUtepov, pe TNV MPoodnkn
anooPeotipwy MapdAAnia oe k&dBe otolxelo oTPAPOTNTAC, EMITUYXAVETAL TEPETAipw PeATiwon NG
SUVAULKNG CUUTEPLPOPAG TOU apXLkol CUOTAUATOG, KaBwg emiong kal Helwon otn OXETIKA
peTatomnmon Petatl twv SU0 TEPUATIKWY TOU oTolyelou apvntikng otifapdtntag, KATL mou elval

€EALPETIKAG OoNUACILAg YL TOV pEAALOTIKO 0XESLAOUO TOU.

OL eflowoelg kwnoelc tou EKD oe mepimtwon mou n Oléyepon elval otn Pacn tou TaAAVTWTN

Slapopdwvovtal we EAG:

—o’mUg + joc,sUs —Uy) +Ky (Ug —Up) + kUg =-mUj (23.q)
—o'myU, — jaxs Us —Up) — Ky (Us —Up) + kU + jax Uy, =—mpUg (23.8)
KAl OL CUVAPTNOELG LETADOPAC:

ae o]

|:|As ZUS /UG Zl_wzﬂus (25)
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H~AD ZUD/UG =1_w2|:|UD (26)
G- {—aﬂm +-ja)cN5 +kys +Kg 2 -—ja)CNS —Kys 27)
—JCys —Kys —0"My + Ja(Cys + Cpg ) + Kpg + Kys

3.2.3 Mewpapatikn emailnBevon g dataéncg EKD

H a&lomotia tng dStataéng EKD Siepeuvatal melpapatikd (Mantakas et al., 2023; KanaoakaAng et al.,
2022), wote va emiPBefaiwbolv ol Suvatotnteg Twv pnxaviopwyv KDamper. H mepapatiky Satadn
amelkovileTal oto XxNua 5 (a). 2Tnv OUYKEKPLUEVN ULAoTolinon UBETE(TAl O UNXAVIOUOG TIOU
Tipotabnke amo toug Kapasakalis et al. (2021) omwg mapoucialetal oto 2xnua 5 (B). ESw, To otolyeio
OPVNTIKAG OTLRAPOTNTAG UAOTIOLE(TOL QTIO VA TIPOEVIETAUEVO EAATIPLO KAL Evay AKAUMTO XoAURBSIvo
OUVOEOHO TIOU CUVSEEL TNV ECWTEPKA MAla (M) pE TNV pala (M) tou EKD péow apBpwtwv
ouvbEoewy (pouheuayv). OL akoAouBeg ekdpAoEeLg TPOKUTITOUV YLla TNV Auvaplikr evépyela U, tTnv pn

ypappkn Suvaun N, kot tnv .oodUvapn 1Un ypappLkn otiBapdtnta Ky tou pnxaviopouv:

1

U(uNS)=EkC(IH —ly )’ (28)
ou l, —d

N(Ug)=——=—k |1+ —H—— |u

( NS) auNS C{ +m} NS (29)

oN l,, —d)/a

Ky(Uys) =——=-k; 1+M (30)
OUys 3 (1—uﬁ,$ /az)

‘Orou a eival To pn mapapopdwpeévo UPog tng ouokeung, d to prikog tou poxhoppaxiova, |, to pikog
Tou pn mapapopdwpévou ehatnplou kat K, n otBapdtnta tou ehatnplou. H dudtagn apvntikig
oTIRapOTNTAC MAPOUCLAlETAL OTO ZXAHA 5 (a) Kal oL apApeTpoL Tou pnxaviopol NS mapouacialovral

avaAuTkd otov Mivakag 1.
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®
@
o
°
=
°
£
®

2 2 2 2 2 P

Initial Deformed

(6)
Jynua 5: (a) Qwtoypagia tou mpwtotumou EKD oto EMI1 . (6) Amewkovion tn¢ uAomoinonc Tou otolyeiou apvnTikAc
ottBapotntac .

Mivakac 1: lNapauetpot uAomoinaong Tou aTotyeiou apvnTikr¢ oTBapoTNTAC.

ke [KN/m] a[m] L [M] d [m] Fus
4100 0.146 0.1 0.203 73.8

H pala (m) kataokevaletal and xaALBSwvn mAdka dlaotaocewy 0.25x0.15x0.01, n eocwtepkr pala
Tou anooBeotipa (My) amnd xahvBown mAdka dloctaoewyv 0.1x0.5x0.015, kat ta otouela BeTkAg
otBapotntag amod xaAuBdwa ¢UANa Saotdoewv 0.27x0.0.07x0.001 kat 0.585x0.0,25x0.0015,

avtiotolya. OL TIHEG Twy BeATioTomolnpéEVWY aTolxelwv Tou EKD napouvoidlovral otov MNivakag 2.

Mivakac 2: BEATIOTEC TIUEC TWV TTAPAUETPWV ToU EKD.

m [kg] mo [Kg] ks [KN/m] ke [KN/m] kn (Uns=0) [KN/m]

16.3 0.815 1770 1440 -500

H ouokeun TtomoBetBnke otn oelopiky tpanela oplovtiag Oléyepong Ttou  Epyaoctnpiou
Edadounxavikig tou EBvikow Metooflou MoAuteyveiou, dmou kat dle€nyBnoav oepd UETPHTEWY yLa
OpPUOVIKEG Oleyépoelc oto eUpog 1 éwg 5 Hz. MNa TIC TMEPAUATIKEG UETPAOELS, TomoBetBnkav
ETUTOXUVOLOUETPa 0T BACH TNG CUCKEUNG, OTNV pala (M) Kot otnv €0WTEPLKr pada (My), evw
edbapuooTnkav OLEYEPOELS HIKPOU TAATOUG yla va e€aodaAloTel n ypouUk cuumeplbopd ToU
ouoTAuaTtog. Aokipaotnkav duo Sladopetikég Slatdtelc: (a) n Steupupévn €kdoon tou KDamper
(EKD) xat (B) évag povoBabulog pnxaviopog (SDoF) pe (8leg otaBepéc pdalag kal otifapotnTag
ehatnplov pe autég tou EKD. 2e kapla amod T Svo Sapopdwoels dev mpooteBNKayV EMTAEOV

otolyela andoBeonc.
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—EKD (theor)
—SDoF (theor)
< EKD (exp)
& SDoF (exp)

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Frequency [Hz]

Zynua 6: OewpnTikn KAl TEWRAUATIK SUVOULKN artokplon ¢ Stataénc EKD évavtt Tou tadavtwtr SDoF.
2TO ZXAUQ 6 amelkovileTal n MEPOUATIKA Kol N BewpPNTIKA EKTILWUEVN QTOKPLON CUXVOTNTAG TNC
Odleupupévn €kdoong tou KDamper (EKD). Ta nelpapatikd amotehéouota emnBefalwvouv tnv
TipoPAenopevn cuumnepldopd Tou TAAAVTWTH KaBwC Kal TNV UTapEn PEAALOTIKWY TPOTIWY LAomoinong
TWV OMALTOUPEVWY TLUWYV APVNTIKAG oTIRAPOTNTAG. JUYKPLTIKA UE TOV amAd povoBAbuio taAaviwTr n
BepeAlwdng Kopudr) cuVTOVIOUOU UELWVETAL Katd Tepimou 60% kal kat' enméktaocn autd odnyel oe

ouyvotnta uévwong = 1,4 Hz, n onola eival cupdwvn pe tov emdlwkouevo otdyo tne Stdtainc.

3.3 ESpAOELC AKOUOTIKWY METACHATWY BacLopEVES 0To BeATLwpEVo cuotnua KDamper pe
HUNxaviopo adpavelakng evioxuong (KD-IAM)

H 6éa metaoudatwy edpalopevwy og otnpi&elg tumou KDamper mapouclaoTnke yla mpwtn ¢opd anod
tov Paradeisiotis et al. (2019; 2019) omou o umoAoylopodg tou Odeiktn nyopeiwong (STL)
TipayHATONOWBNKE HECW TNG TIPOCEYYLONG OKOUOTIKNAG avtiotaong (Kim, 2010): kavovika, emnineda,
KULOTA TIPOOTIITOUY O amapapopdwtn emninedn emdpavela. Mpodavwe, Adyw TG TPOCEYYLOTIKAG
dvong tng nebddou dev eival duvatdg o akplPG MPoadloplopds TwWY TLHWY Tou SelkTn NXNTKAC
pelwong. Map ‘0ha autd, n ouykplon Ue AAOUG TAAAVTWTEC UTIESELEE Ta TTAEOVEKT HaTa Tou KDamper

WG TIPOC TNV AKOUCTLKA UOVWGN TIETAOUATWY.

Y& OUVEXELA TNG APXLKAG QUTNAC €peuvac, TpoTeivetal n PBeAtiwon twv otnpitewv tumou KDamper
EVOWHATWVOVTAG €vav pnxaviopd adpavelakng evioxuong (IAM), pe otoxo tTnv avénon tou MAATOUG
kal tou Baboug tn¢ mapayopevng lwvng e€aoBévnong S1adoonc nxou xapnAwv ouyvothtwyv. O

TIPOTEWVOUEVOC UNXAVIOUOC auToC Ba ovopddetal ev cuviopia amd edw kal oto €&ng KD-IAM. H
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HEBodoc umohoylopol tou Selktn nyopeiwaong (STL) mou xpnoluomoleltal eival autr Tou In series
approximation, onwg meplypddetal oto kepaAalo I, 6ToU o OXEoN PE TNV MPOCEYYLON AKOUGCTIKAC

avtiotaong AapBavetal uTOP LY, £0TW KAL TIPOOEYYLOTIKA, N TTOPAHOPPWOILOTNTA TOU TIETACHUATOC.

H Stepelivnon Seixvel 0tL n avénon tng oTBapoTnTAC Tou TaveA BeAtiwvel T {wvn e€acbévnong. Me
Baon TNV mMapatipnon auth, MaPouUcLAleTal ia eVOEIKTIKY edappoyn, 0 oXeOLAOUOC TwV Bacewv KD-
IAM, kKaBwg Kal 0 TPOTIOC UAOTIOINONCG TOU CUOTAMATOC BACEWY — SUCKAUTITOU TIETACHATOC. H HEAETN
auTh €xel wg otoxo va katadeifel Tic SuvaTOTNTEG AUTOU TOU TIPONYUEVOU CUOCTNHOTOS APVNTIKAG
oTIRaPOTNTAG, HECW AVAAUTIKWY KOl oplBUNTIKWY LeBOSwY, 0 ePAPLOYES LOVWONE XAUNAOCUXVOU

BopuBou.

3.3.1  Xxedloopoc tou takaviwti KD-IAM

2TO IYAUA 7 TOPOUOCLAZETAL TO MABNUATIKO TPOCOUOWUO TOU EUKAUTTOU TETAOUATOS TO Omolo
ebpaletal otov unxaviopod KD-IAM. M tv koAUtepn meplypodr Twy WOLOTATWY TOU UNXAVLOUOU,
xpnowomnoleitatl uotepntiky andofecn (Carfagni et al., 1998; Koblar and BolteZar, 2013) cUudwva pe

TIc e€lowoelg (31)-(32).
ks =ks(1+ jn) (31)
ko =k, (1+ jn) (32)

'OTIOU N 0 CUVTEAECTH G AMMWAELOG.

a; (1) L
anl | [

Zynua 7: (Aptotepa) Movoypauuiiko Staypauua VoG EUKQUTTTOU TTETAOUATOC 5palouevo otov tadavtwtn KD-
IAM kau (beéia) to toobuvauo mpooouoiwua KD-IAM mou AauBavet urtdv tnv evepyn pala Tou eVICYUTH.

OL €€lOWOELC KivnoNng Tou TaAQVTWTH £(val OL TAPAKATW:

N 8PLI, .
m1Q1+ k1 (Q1_Q2): Tyej ' (33)

m, (cot?0 +1)d, — kg, + (k, +K'p +k's)a, —Kp0; =0 (34)
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me‘g"'(klp +kls)q3_klpq2 =0 (35)
OTIOU oL yevikeupévol Babpuol eAeuBeplag opilovtal wg:
qi (t) :Ciejwt (36)

onou C, to mhatog kivnong. Ol e§lowoelg peTapopag TOU CUOTAHATOG Elva:

*

C k

TFy=r=— e (37)
C, -o'mg+k +ki+k,(1-TF,,)

TF, = & = Ke (38)

C, -o'm,+k,+ky
€VW 0 auvteleotng Stadoong Tou nxou (STL) umoAoyiletal amod v €. (8).

To ZxAua 8 mapouoldlel TNV amodoon AKOUCTIKWY TETACUATWY pe ebpdaels tunou (a) KDamper (B)
KDamper pe mpooBrkn adpavelakou evioxuth (KD-IAM), ywa Sladopeg twég otifapdtntag. H
oTBapotnTa autr) UAomole(tal pe tomoBétnon ouvdéouwv oTBopdtnTag OTO0 TPOCWNO TOoU

TIETACLLATOC.

KD mounts, f; = 10.8 [Hz]
50 s KD moumts, f; = 30 [Hz]
s KD mounts, f; = 50 [Hz]
=KD mounts, f; =100 [Hz]
400 0000 |=e=—— FFR Panel

STL [dB]

O 1 1 1 1 1 1 1 ]
0 50 100 150 200 250 300 350 400
Frequency [Hz]
(@)
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KD-TAM mounts, f; = 10.8 [Hz]
70 s KD-TAM mounts, f; = 30 [Hz]
| s KD-TAM mounts, f; = 50 [Hz]
60 ——KD-TAM mounts, f; = 100 [Hz|
----- FFR Panel

STL [dB]

0 50 100 150 200 250 300 350 400
Frequency [Hz|
(6)

Zynua 8: Emippon ¢ otiBapdtnTaC OTIC NYOUOVWTIKEC SUVATOTNTEC EVOG TETACUATOC e6palouevoU (a) o
ompiyuata turou KDamper (8) oe otnpiyuata turmou KD-IAM.

Q¢ dpawvopevn pala, otnv Slepevivnon autn, Bewpeltat yuPvo mhalolo yewueTplag Kal tSLOTATWY Tou

napouotalovral otov MNivakag 3.

Mivaxac 3: Plasterboard properties.

po [kg/m?] |x[m] ly[m] hp [mm] Ep [MPa] vo [] o [-]

668 1.2 2.4 12.5 2900 0.31 0.01

Ol mopapeTpol oxedlaopou Twv otnpiewv mpokUmTouy Péow evog MPoPAnupatog BeAtiotomnoinong
Baolouévo otov alyoplBuo tou Kapasakalis et al. (2020), émou elodyovtal 6pla avoxwy yLol TIC TIUEG
Twv ehatnpiwv K, Ky, Ky, To ouxvotikéd evpog tng Lwvng nxopeiwong, kabwg kat n otpapdtnto Tou
TETAOMATOG. 2TOXO0G Tou aAyopiBpou elvat o mpoodloplopdg twv mapapetpwy K, Ky, Ky, Mg ylo tov

ormolo mpokUTTeL 0 BéATioToC deiktng nxopelwaong (STL) yla TNV emAeypévn Lwvn.

Juykpivovtag tv amédoon ToUu CUCTHUATOC UE Kal xwpic tov evioyutr (IAM) mpokUmTtel OTL TO
BeATlwpévo cvoTNUA AUEAVEL TNV NXNTIKA amodoon Tou METACUATOS TOCO 0 Opoug eUPoUS Lwvng
efaoBévnong aANG kal péylotng peiwonc. H BEATIOTN amokplon Ttou PEATIWUEVOU OCUCTAUOTOC
napatnpeital otav n Wloouxvotnta tou netdopatoc sivat fo=100Hz, démou yla cuxvoTNTEG UKPOTEPEC
Twv 150Hz ol Twég tou STL elval peyaAUTEPEC QUTWY TOU VOpOoU Palog. Xtnv mepimtwon xwplg tov
evioyutr) (Mg =0) (2xnua 8.a) mapatnpeital 6t To €UPOG NG {WVNG TAPAUEVEL OTABEPO pE TNV
avénon t™ng oTPapdINTOC TOU TETACUATOC, €vw PBEATIWVETAL N OmOKpPLoOn TOU OTNV TEPLOXN

OUVTOVLOUOU.
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Mpaktikn YAomoinon twv otnpi&ewv tumou KD-IAM
EVOC  QAKOUOTIKOU TIETAOHATOG

3.3.2
YNV evoTnNTta QUTH TAPOUCLAlETAL N TPAKTIKA ULAomoinon
WOoovyvotntag =90.2Hz kaL £b6pdoceslc Baowouéveg oto KD-IAM. To umo eétoon mAailolo

amelkovileTal oto IxNuo 9 kat ot WBotnTtee/Slaotdoelg twv ouvdéopwy duokapiag Sivovtal otov

MNivakag 4.
Mivakac 4: 1616tntec ouvdeéouwv duokaupiag.
ps [kgim3]  as[mm] bs [mm] hs [mm] Wy [m] Wy [m] Es [GPa] vp [-]
7800 50 50 7 0.375 0.575 210 0.3

.

Cross Section

]

Zynua 9: FrewueTpia eVOC EVICYULEVOU TTETACUATOC LUE TN XPNoN oUVSETUWY SuaKauiac.
JUVOTITIKQ, N ETUAOYI CUYKEKPLUEVWY TIAPAUETPWY KATOANYEL OTNV €UKOAlDL LAOTO(NONC TOUG Ao
TipaktTikn arnoln, elbikd ooov adopd to otolxelo apvntkNe oTBapotntag. AapBavovtag VTP Ta
nipoavadepBEvTa, ol BEATIOTEC ETUAEYUEVES TIUEG TWV OTOLEIWY TWV OTNPLYUATWY KAl AANEG OYETIKEC

TIAPAUETPOL TNG KATAOKEL NG cuvolilovtal otov Mivakag 5. Me BAon TIS TLWEC AUTEG UAOTIOLE(TAL KL O

eVOEIKTIKOC 0XESLAOUOC TOU CUOTHUATOG.
Mivakac 5: BEATIOTEC TIUEC MapAUETPWY TOU cuaThuatog KD-IAM.
m
fi[Hz] fo[Hz]  ko[Nm?]  ks[Nm™] ke [Nm™] kv INm*1 w1 71 [ [kgB]
25.1 1.405 x10° 3.613x10° 1.386 x10° -8.654 x10* 0.01 0.1 -0.660 3.35

90.1
'Onw¢ kat oL otnpl&etg Suvapikng evioxvong (IAM), €tol kal ol otnpitelg TuTou KDamper eival Téooeplg

(4) otnv ouykekpluévn ulomoinon Kol TomoBeToUVIAL TEPILETPIKA TOU TETACHATOC, Ulo O KABe

ywvia. O oxedlaouog twy otnpiéewv KDamper Baciletal otnv uAomoinon tou Paradeisiotis (2019).
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3.3.2.1 Ztowelo adpavelakng evioxuong (IAM)
210 Zxnua 10 amewoviletal n vAomoinon tou IAM. Ta TO CUYKEKPLUEVO TAQICLO XpNOLLOTOLOUVTAL
téooeplc YaAUPBSwol unyaviopol Swaotdoswyv 10x30x35 [mm?3], omouv n aSpavewaky pala sival

m, =0.051kg, n ywvio #=10" kot to pAkog tou cuvééopou | =0.02m.

Zynua 10: 16t amekovion ouoTiUATOC adpaVveLakrG eviaoxuanc (IAM).

3.3.2.2 Ztowela apvnTIKAC oTIRapotnTag

To otolxelo apvnTIkAC oTLRAPOTNTAC TOU UNXAVIOLOU UAoToLe(Tal Héow SLokoeldwy eAaTnpiwy TUTIOU
“Belleville”. H aokoupevn duvaun F(s) twv Sokoeldwv ehatnpiwy eivat pn-ypoppiky ouvaptnon
NG KABeTNG Mapapopdwong S NG eowtepkng Slapetpouv D, tou Slokou. To UPog tou Slokou
ouppoAietal pe |y, D, elval n e§wtepkn diapetpog, kat hy =1, —t, émou t eival to ndyog (Bauer,
2008). H aokoupevn Suvaun F, =F(s=h,) ocuvupolilel tn Suvaun otnv katdotaon mou o &iokog
Bploketal otny eminedn tou popdr Kal TAAAVTWVETAL KABETA KATA S yUpw amod tnv B€on woopporiac
s=h,. Juvenwg, n emBuunt apvntikr otPapotnta epdaviletol otnv meploxr auth. Adyw Twv
VUNAWY TIHWV apvnNTIKAC oTRapdTnTag TOU amaltouvtal oto cloTnua, n uAomoinon pe éva
Slokoeldeg ehatnplo Sev npoteivetal (avamtuén ubnAwv tdoswv otn dlatopr) Tou, aduvapia eupeong
ehatnplwv oto epmodplo KAMM.). EMOUEVWC, OTN OUYKEKPLUEVN edappoyr yla TNV emnitevén tng
anaLtoUevng apvnTikng otpapotntag Ky /4 =-2.193x10* [Nm™], Bewpouvtat oe mapdAAnin Sdtagn
otolfayuéva €L (6)  Olokoeldr)  eAATAPLA  KATOOKELOOWEVA — amd  TAQOTIKO  ABS

(p=1020kg / m*,c

i = 48MPa, E =2206.3MPa,v=0.3) ta xapaktnpotuka twv  onoiwv

ouvoyilovtal otov MNivakag 6.

Mivakac 6: MewUETpIKd YapaktnptoTika SLokoetdwv eAatnpiwv tumou Belleville .

T [mm] o[ De/t [-] ho/t [-] Fe [N] Knymax [NM'1]
1.3 2.5 32 1.64 31.797 -3.570x10°
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H mpokUntovoa otifapotnta autrg TG SATagng oe cuyKPLoN LE TNV KAUTUAN Tou evog ehatnpilou
napovolaletal oto XxNua 11 (a). H évtovn Slakekoppévn ypoppn Selxvel Tn WEYLOTN APVNTIKA TN

otBapotntag K, , n omota avriotowel otnv tpn Ky /4, kaBe didtagng.

x10°
\ 60 }

————— Belleville

25| Linear ky/4 = —2.8303e + 04 N/m
Total

——=—h

40 +

20

o [MPa]

20k

- 40}

e
~~~~~

-60 &

ynua 11: Mpokuntouoa oTiBapOTNTA KAL AVATTTUCOOUEVEC TAOELC TWV SLOKOELOWVY eAaTNpiwVY KaTd ThV
apauop@won touc. (a) looduvaun turn otiBapotntac tou Siokoeldouc eAatnpiou kat Twv €L (6) maparrnAwv
edatnpiwyv (8) AVvartuoo0OUEVEC TAOELC KATA TNV TTAPAUOPPWan Tou Stokoeldouc eAatnpiou.
210 2Ynua 11 (B) mapouoctdlovtal ol AVANMTUCCOUEVEG TAOELG O TIEVTE XAPAKTNPLOTIKA onueia Tou
blokou, oe ouvaptnon pe Tnv napapopdwon tou. Ot Tdoew o, , 0y, Oy, ,0, OVILOTOKOUV OTLG
TéooepLC ywvieg tng Slatopng tou blokou, evw eival n ooduvaun t@aon Von Mises 0To KEVIPO TNG
dlatopng. H tr tg mpokumrouoag TAonG og, TPETEL va BploKeTal eVTOG OPLOUEVWY Oplwv Tou
kaBopilovtal amd Tov aplBuod péylotwv KUKAwWv Asttoupyiog tou ehatnplou. OU TWUEG QUTEQ

TIPOKUTITOUV LE TN XprRon SLaypotdTwy avToXAS Kol KOTIWonC.

TéNog, n vAomoinon tou otolxelov apvnTikAG oTPapdtnTag péEow €& (6) mapdAAnAwv blokwy,
avadlapopdwvetal o Vo otolBec Twv TpLWY, TomoBetnuéveg oe otabepr) Baon, énwg daivetal oto
2xnua 12. Ot 6ilokol cuykpatouvtal o€ eninedn Béon peTafl Toug pe Evav kKoxAla kal SUo podélec. Me
auTtov Tov TPoTo, ol duo otolfec e€akolouBouv va Aettoupyolv wg SUo TapdAAnAa eAatnpla, e
anotéleopa v emBupnth TR, Qotdoo, ol aokoUpeveg duvauelg kdbBe otolfag €xouv to (blo
péyeBoc aAAd avtiBeteg kateuBUVOoELg, TPAYUA TIOU onpaivel 6tl aAAnAogtoudetepwvovtal Kal n

Béon wopporiac eivat oudétepa otabepr).

3.3.2.3 Ztowela Betikng otlfapotntag
To UAKO Tou emAéxBnke yla tnv LAomoinon Twv BeTKWY oToElWY OTIRAPATNTAC TWY OTNPLYUATWY

(kg /dkark, /4) eival ehactopepn motdtntag CRO7 (kaoutoolk yAwporpeviou pe 7% aBdAn). H
S P
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oTIRapPOTNTA TWV EAACTIKWY €£APTATAL Ao TG SLAOTACEL TOUG VW TOPOUCLAloUV UPNAEC TUUEG

ouvteheotr) anwAeag (7 = 0,05-0,7).

‘Evag Seiktng tng BAUTTIKAC oTIBapdtnTag evog eAACTOUEPOUC €lval O CUVTEAECTNC OXNUATOC S, o
omoloc opiletal wg 0 Adyoc TG emudpavelag A mou dpoptileTal TPog TNV eMPAvELR TToU elval eAsVBepn

va SloykwOel. EldikoTepa, yla Kotha KUALVEPLIKA EAQCOTOUEPH, O CUVTEAEOTAG OXNUATOC LTIOAOYIETaL

WG &N G:
(D*-d?)

S = (39)
4(D-d)h

omou D kat d eival n efwtepkn KaL n eocwteptkr SLapeTpoc, avtiotolya, katl t sival to maxog tou

€ENQOTOLEPOUC, EVW N BALTTIKN oTBapotnTa LTtoAoyileTal wg:

ECOI’T A
kcomp = —h (40)
onou
Ecorr = EO (1+ SZ) (41)

elval to SlopBwuévo LETPO EAAOTIKOTNTOG TOU UALKOU TIOU TIPOKUTITEL E TN XPrON TOU CUVTEAEOTNA
oxnuotog. Mpodavwg, autd anattet tn yvwon tou apxikov E, to omolo pmopet va mpoodloplotel amno
doKlUEG TAONG - mapapopdwong. 2tnv mapovoa oxedlaon, ol UTEPEAAOTIKEC LOLOTNTEC TOU
eAaOTOUEPOUC ayvoouvta Kal n umoloylwopevn Tl amd tnv €€, (40) elval mpooeyylotikr. Ol

AMALTOU PEVEC SLAOTACELG TWV EAACTOUEPWY Ttapovolalovtal otov Mivakag 7.

Mivakac 7: Alaotaoelc eAaoctouepwy Jetikwy otoiyelwv otiBapotntac (CRO7).

D [mm] d [mm] h [mm]
ke/4 34 10 38.9
ks/4 75 52 47

To 2xAua 12 (B) mapouctalel pla evOEIKTIKA dLATAgN yla TNV EVOWHATWON TwV OKTW o0Tnpitewv oto
mAaiolo amno yupooavida. Itnv mpayuatikdétnta, n otabepr Baon kabes otAplEng eykabiotatal otoug

opBootatec fj otou cuvdEououg oTlBapotnTag ota omnola otepewvetal n yuooavida.
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3.3.3  ApBunTikr Mpooopoiwaon Tou METAOUATOC 0 otnplypata tumou KD-IAM

(a) (8)

Jynua 12: EVSelKTIKr) UAomoinan Twv akouaTikwy atnpiéewv tumou KD-IAM. (a) tour tne ébpacnc tumou
KDamper, (6) Siataén twv edpaoswv oto mAaioio.

Me okomd TNV EMKUPWON TNG AVOAUTIKAG UeBodou LPM, avamtuxbnke éva Ttplodlaotato
TIPOCOUOlWHA TIEMEPACUEVWY oToLXElWV (vibro-acoustic model) oto gumopikd Aoylopiko ABAQUS®. H

QUTTELKOVLON TOU TPOCOUOLWHATOG o pouaLdleTal oto ZxNua 13 (a).

Stiffeners

(@)
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80 —Panel with w/KDamper mounts (LPM)
——Simply Supported Panel

—Panel with w/KD-IAM mounts (FE)
6o\ | e FFR Panel

B

— 40

STL

| | | |
0 50 100 150 200 250 300
Frequency [Hz|

(6)
Jynua 13: (a) Arteikovion tou 3-A mPoooUOLWUATOC TIEMEPACUEVWY OTOLYE(WYV ([12) TOU METACUATOC O
omnpiyuata turou KD-IAM. (8) anoteAéouata Seiktn nxousiwonc (STL) yia to umoeéetaon mAaiolo; SUykpilon
UETAEU uedddou 12 kat tn¢ avaAutikng uedoédou LPM.

H aueon olykplon HETaty Twv KapmuAwv STL mou mpokumtouy and Tnv mpocgyyon LMP kat tng
avadAuong MEMEPACEVWY OTOLXElWwY SElXVEL OTL TO AVAAUTIKO Tpocopolwia IPoPAETEL Le akplBeLa TIg
OKOUOTIKEG (OLOTNTEG TOU OuOTAUATOG, Aapfavovtog umoPlv TG mapadoxég tng pebodou.
Juykekplpéva, n lwvn nxoueiwong umoloylopévn pe tn HéBodo LMP eilval peTatomiopévn Katd
niepinou 20Hz og olykplon He To Mpooopoiwpa M.2, evw To VPO TNES {WVNE NXOUElwoNG MapapEVeL

To (L.

34 AKoUOTIKA PETOWALKA Paolopéva oto BeATiwpévo cluotnpa KDamper Pe pnxaviopo
adpavelaknc evioxuong (KD-IAM)

Me tnv meplodikry emavainn povadwv tou BeAtwwuévou ocuotnpatog “KD-IAM” mpokUTTEL éva
KALWVOTOUO HETAUALKO. H BeAtiwpuévn Sdour uAonoleital pe tnv ulobétnon tng povadag KDamper kal
Vv npoobnkn evog adpavelakol evioxutn (IAM). O punxaviouodg KDamper pmopet va Bpel ToAAQTAEG
edapuoyEg oe ouoTApata andoBeong kol armoppodnong XapUNAwyY cUXVOTATWY. XTo TapoV, eEeTaleTal
N uloBetnon petabAlkwy pe Baon tov punxaviopo KD-IAM yia tn oxeblaon akouoTIKWY TETAOUATWY

Tumou "odvtoultg" pe LoTNTES XAUNAOCUXVNG AKOUOTIKA G LOVWONC.

3.4.1 Avdluon Bloch
To petalAlkd ouviotatal otnv meplodikn emavainn povadlaiwv keAwv “KD-IAM”  énwg

mapoucLaleTal oto 2xAua 14.
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l__,u2p-2 L.uzp -_‘.uZp+2
2p-2  2p-l 2p 2p+l 2p+2
Jynua 14: Movadiaio keAi turmou KD-IAM.
Mapatnpwvtog To 2xnua 14, n kivnon tou Pabuou eleuBepiag (B.€.) otn Beon 2p Tou MAEYUATOG

uropel va ekbpaotel wc:
u,, =U0,," =U (2pxl)e’*™ (42)
‘Ornou x eivat o aplBuoc kupatog kat | to uRkog tou povadlaiou keALoU.

Xpnowuomowwvtag tn Bewpla tou Bloch, n dtddoon twv eAAOTIKWY KUUATWY UETOED Twv povadlaiwy
KeAlwv pmopel va mpocbloplotel efetdlovtag tnv aMAnAemibpaon Twv UETOTOMICEWV KAl TWV

duvapewv. Aapupavovtag uTtoP LV TO XWPLKO LEPOGS TNG AVONC, TIPOKUTITEL:

Uy, =Ue!?P (43.a)
Uy, = Uy e /2 (43.B)
Upp,p = Uy e (43.y)
Uy, = Upel?Pleizd (43.5)
Uppir = Uppy e’ (43.€)

Kal uloBeTwvtag tnv mepimtwon xwpl¢ amocBeon, n aAvIKATAOTAON OTLG €ELOWOELS Kivnong tou

povadlaiou keAlol odnyel:
mymy@* —[mgky + (7K, +ky)mg Jo® + y(kkp +kpky)=0 (44)
Ornou ywa y=2(1 — cosq), q= 2xLkat ky =k, +ky . Avtikablotwvrag onov A=, n EE. (44)

uropel va ypadel otn popdn:
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A2 +BA+C=0 (45)

omou oL mapapetpol A, B,C opilovtal wc:

A=1 (46.a)
B=—[(1+ ug)wh + yal ;] (46.8)
C =y} o}, (46.v)
ka

kO kS mD
Wy = |—, O, = |—, = 47
B mB S,B mB ILIB mB ( )

TeEAKA oL KapmuAeg Sloomopag umoAoyilovtal ano TG pileg g EE (45) wg o, (q)szaL

H mpokumntouca oxéon SLaoTopds Tou HETAUALKOU eival 2rt-TieploSikn, Snhadn o(q)= w(q+27).
Eniong, n moapayopevn Cwvn efaocBévnong (n Olakomn¢ - bandgap) onuelwvetal UETAEU Twv

ouxvotitwy @, Kat @, ((wvn Brillouin), oL ortotleg umoAoyiCovtat and T EE. (48)-(49) wc:

oy =0, (0=0)= oy \1+ 11y = w0y pg1+ p (48)

1
o =0 (q=1)= ﬁmwé,s + k) - (4oyw,)” (49)

OTIOU Py = W Wy - TO KAWOVIKOTIOLNUEVO £VPOG TNG {wvNnG dlakomng opileTal w:

w, —

b, =% (50)
a)L

3.4.2 Edoappoyr akouOoTIKAG HOVWONG

>to XxAua 15 (a), umoAoy{lovtal kot mapouolalovial oL ouXVOTNTEG TNG {wvng OLOKOTNG

XPNOLLOTIOLWVTAC TLG (OLEC TUEG TTOPAUETPWY TIOU UTTOAOY(OTNKAV YLA TOV OXESLAOUO TWV OTNPLYUATWY

KD-IAM. H mapayopévn {wvn onpewwvetat peta&d twv ouyvottwy f, =163 Hz kat f, =57 Hz, mou
QVTLOTOLXOUV O€ KOWOVIKOTIOUNEVO VP0G {wvng Stakomrg b, =1.9.
210 2xAua 15 (B), ouykplvetal N akouoTIkr cuuTepldopd ag Opouc STL, evOC AkoUOTIKOU TIETACUOTOG

ue Baon tnv meplodikn emavainn twv KD-IAM povadlaiwyv KeEAWV 0 GUYKPLON HE TNV EVOELIKTIKA

uAoroinon Tou metdopartog otnpopevo os KD-IAM Bdaoelc.
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Jynua 15: (a) Aueiwtn Zwvn Brillouin kat n mapaydusvn {wvn eéaovévnong. (8) Andkpion ouyvotntac tou STL
TOU UETQUALKOU YLa auéavouevo aptBud puovadiaiwy KeALWV.

M Toug OKOTIOUC AUTAG NG oUyKplong, Bewpeital 6tL n meplodikr aluoida meplkAeietal and dvo
aKTvoPBoAOVOEG emibdveleg ota SUO Akpa NG HAlag m; /2 n k&Be upia. Me Tov Tpomo autd n
npooopoiwon yivetal cuudwva pe tv Bewpla Tng evotnTag 2. H akouotikh anddoon afloloyeital
oTn ouvéxela ya Sladopouc aplBuoug povadlaiwyv keAlwv. H olykplon Seixvel otL avédvovtag tov
aplBuod Twv povadwy, pe tautoxpovn datipnon tTng palog twy enupavelwy aktwvoBoAiag, n doun
mapéxel BeAtiwpévn amoofeon, WOIwg otV TEPLOX CUVTOVIOHWY. Oa TPETEL va onuelwbel oTL o
OUVTEAEOTNC OMWAELWY TWV oTolXelwv otBapdtnTag (k;, kp) gxel emheyel wg 17=0.02, o omnolog
elval mévie GopéC PIKPOTEPOC Ao AUTOV TTOU BewprBnKe oTNnV MEPTTWON TwV oTNPLYUATwy KD-IAM.

Mta akoun evdladépovoa mapatApnon mou MPOKUTITEL oo To Slaypappa STL, eival otL to BdbBocg kal
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To TAAToC TnG {wvng e€acbevnong Sev emnpedletal oNUAVTIKA amd TNV avénon tTwv povadlaiwv
KEALWV. 2TO MAQLOL0 TNG mapoloag €peuvag, amodelkvuetal OTL ol duoikol pnxaviopol Tou KD-IAM
Snuoupyoly T lwvn e€facBévnong, He TNV XPAON EAGYLOTOU aplBuUoU KEALWV. ZUVETIWE, N
KQTAOKEUQOTLKY) TIOAUTTAOKOTNTA TIoU cuvodelel TNV xpnon moAAamAwy povadwy Ba pmopouoe va

BewpnBel mepurrn).

3.4.3 2xedlo0pOC AKOUOTIKOU TIETAOUATOC TUTIOU «OAVTOULTG» BOCLOUEVO OTO UETAUALKO
KD-IAM

310 IYnua 16, mapouolaletal €vag edIKTOC oXeSLAOUOG €VOC TETACHUATOC TUTIOU «OOVTOULTGY
Baolopévo oto UeTalAKO KD-IAM yia éva povadiaio KeAl. ZuyKkekpLUEVa, XpNOLUOTIoOLoUVTOL SEKAEEL
(16) otoela apvntikng otPapotnTag, oktw (8) otnv emibavela tou KaBe metdopatog evw Svo (2)
Betikd ehatrplor Tomobetouvtal Mavw o€ kABE apvnTKO eAaTriplo cuvoAikrig oTiBapotntag K, .'Ocov
adopa ta edatripla K, mpoPAgnetal o ouvoAkog aplbudg Tptavta dvo (32) ototxelwv, ta omola
KaTavepovTal avaAoya yla kaBe éva amod Ta dUo mavel. TENOC, xpNOLUOTOoLoUVTAL TIEVAVIA TECCEPA

(54) evioyutég IAM mpokelpévou va emiteuxBel n amattoUpevn evioxuon.

Ta Betikd ehatnpla (Kg kat k) €xouv 181dtnTeg Tou UAoU ABS (cupmoAupepég akpuhovitpiou —
Boutadleviou - otupeviou), To omoio xpnoldomoleltal oe cupBatikolC TPLOSLACTATOUG EKTUTIWTEG,
AvtiBeta, ta eAatipla apvNnTIKAG oTBAPOTNTAC KAl Ol EVIOXUTEG Kataokeudlovtal amo xaAuBa. To
UALKO ABS povtelomoleital w¢ YPaUUIKA EAAOTIKO-AMOAUTWG TAQCTIKO, PE HETPO €AAOTIKOTNTAC
E=1740MPa, Ttdon &8lappof¢ o, =27.8MPa, «kat mwkvétnta  p=1100kg/m?*.

yield
Ma va eival duvatr) n amAr KOTAOKEUN 08 €val eviaio cUOTNUA UAKWY Xwpig TNV avdaykn oluvBeTng
ouvappoAloynong, Ta BeTikd eAathpla UAOTOLOUVTAL WG TOEA. To OXAUA TWV NUIKUKALKWY TOEWV Tou
UAOTIOLOUY Ta EAATAPLO ETIAEYETAL ETOL WOTE VA ETUTPEMEL UEYOAEG EAAOTIKEG TAPAUOPPWOELS, TIPOG

arnoduyn dawvouévwy dlappor g Kat AUyLouou.

JxNUa 16: ATtEIKOVLOT TOU METACHATOC TUTIOU OAVTOULTG.

H Slaotaclohdynon Kol 0 UTIOAOYLOUOG TNG OTRAPOTNTAC TWV OTOXEIWY EYIVE PECW OVAAUTIKWY

TUMwv katd Guell Izard et al. (2017) kot emaAnBelBNKe e MPOCOUOLWOELS MZ 0To AoyLlopikd ABAQUS”.
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OL KAUTUAEC SUVAUNG-UETOTOTLONC TWV BETIKWY eAaTnpilwy mapouotalovtal oto xAua 17 (a) kat (B).
Kal otig SU0 TEPUTTWOEL UTMOPOUE VO TIOPOTNPACOUUE OTL OAd Ta EAQTAPLO TIOPOUEVOUV OTOV

EAQOTIKO KAGSO yla Tapapopdwon PIKPOTEPN TwV 3mm, 1 onola Bewpeltal EMAPKNG OE AKOUOTIKEC

edapuoyec.
140 'I—FE (ks = 2.55 10° N/m) ) ' 1 _FE op = 1I,04 107 N/Im)
20l Izard et al. 2017 (ks = 2.4 10* N/m) | sol Izard et al. 2017 (kp = 9.9 10° N/m)
1001 1 ol @
z %0 Z 30
B 6ot "
20| : =
40
a0l 10}
0 — 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
s [mm] s [mm]
(@) (6)
Force - Displacement
60 T T T
— 40
Z
[
20 +
1 2 3 4 5 6
Equivalent stiffness
100 T T T T T
\ FE (ky = —135 10 N/m)|
E ]
g 50
~
Z. f
4 0 7
&
_50 I L L L I
1 2 3 4 5 6
u [mm)]
(v) (6)

Sxripa 17: (@) Kapmodeg Suvaung—petaronions twv exatripwy (a) Kg, (8) Ky, (v) Ky . (8) lewuetpia evioxutr (IAM).

To otolelo apvnTKNC oTBapodtnTac UAOTOLE(TAL HE TN XPHON KEKALLEVWY TIPOEVIETAUEVWY OOKWV.
Jtnv neplmtwon autr, apvntikn otifapdtnta dnuoupyeital Adyw Auylopol tng dokol yla to VP0G
TWV KATOKOPUDWY LETATOTIIOEWY YUPW amod TNV enimedn katdotaon, mou ¢aivetal oto 2xAua 17 (y).
Mo tv ulomoinon tou IAM mpémel va entheyel évag ouvduaopog (m,,d) mpokelévou va mapexeTat
n emBuuntr) evepyr) palo My . Ma Tov ouykekpluevo oxedlaouo, sxnpa 17 (), Bewpwvtag Souko
XAAUBQ yla TO UALKO Tou 1AM kal apBpwTég, cuvdEoelg analtouvtal elkool emtd (27) eVIOXUTEC ava

nétaopa patag m, =0.0156kg oe kdOe evioxuth.
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35 Zuvoyn

TNV evoTnTa aQUTA TAPOUCLACTNKE Hila véa Slataén apvnTikng otlBapotntag mou PBaciletal otov
ouvbuaouo tou TaAaviwt) KDamper kal evoc cuoThUATOC adpavelakng evioxuong (IAM). Apxika,
TAPOUCLAOTNKE €V ouviopla n Bswpla Tou KDamper kabw Kol TA TEPOHUATIKA QTOTEAECHATA
emaAnBeuong Twv SUVATOTATWY TOU. TN CUVEXELR, TEplypadnke To Bewpntikd UTIORaBPO Tou
tohaviwty KD-IAM kaBwg kat n duvatdtnta oxedlacuol otnpiéewyv aKOUOTIKWY TETACUATWY HE
SuvatotNTEC XAUNAOOUXVNG AKOUOTIKAG Hovwong. YoBetwvtag tny Bewpla §1ddoong akouoTIKWY
KUMATWY Tou kedalaiou 2, kabBwg kat Tn xpnon M.2, n avaiuon umodelkvUel OTL UE TIG KATAANAEC
TPOCAPHOYEG elval duvatn n avénon tou Oelktn nyopeiwong, otnv mepimtwon xapnAdouxvwv
Sleyépoewy OLlaltepd oTNV TEPLOX CUVTOVICUOU TOU TETAOUATOC, SnUloupywvTag pla eupeio {wvn
e€aobévnong. 2tn ouvéxela, avayvwpilovtag T SuvatotnNTEG TOU UNXAVIOHOU, €EETAOTNKE N
nieplodikn xprnon tou, SnAadn pa dlatagén akouotikou PeTaUAkol omou To povadlaio keAl amotelel
o KD-IAM. Ta amoteAéopata €8e&av tnv dnuovpyla peydAwyv kat Babuwv {wvwy e€acBévnong xwplg
TNV anaitnon peydiou aplBuol povadlaiwy keAtwyv. TEAOG, Le Bdon tnv dldtaén auth, mapouactaleTal

0 eVOEIKTIKOG 0XESLAOUOG EVOC METACUOTOG TUTIOU GAVTOULTG,.

4. KAINOTOMO ZYZTHMA AYNAMIKHZ ENIZXYZHZ (DDA)

4.1 Eloaywyn

H evowuatwon HNXavilopwy SUVOLLKAG evioxuong We okomd tnv auvénon tng adpavelac Twv
TOAQVTEUOUEVWY palwy aBNTIKWY CUOTNUATWY arnoppodnonc kpadaouwy, elvat uiotng onuaociag
yla tn BeAtiwon twv SuVaLKWY OLOTATWY TWV UBLOTAUEVWY QUTWVY TEXVOAOYLWV. A TO oKOTO aUTO,
é€xyouv avamtuxBel kat epapuootel MANBwpa pNXavlopwy evioxuong o€ MOAUAPBUOUG TOUE(C TNG
UNXAVIKAC. ZeKvwvTac amd awobntipeg Kol NAEKTPOUNXAVIKOUG EVIOXUTEC ONUATOC, EWwC
anoofeotipec ocuvtoviopévnc padag (TMD), n Woéa tng evioxuong Tng pnalag efetaletal e6w KoL TOAU

KaLpo armo peydlo aplBuod epeuvnTwy.

210 Tapov kedpdlalo, mapouolaletal Eva vEo clotnua SUVAULKAG evioxuong, o pnxaviopog DDA, wg
HEoo TeXVNTNC avénong t¢ adpavelag evog TaAaviwth, o omoilog duvatal va KATAoKELAOTEL Ywplg
NV anaitnon MoAUTAOKWY YEWUETPLWY KAL ETLITAEOV TTAPACITIKWY polwv. H Aoyilkr Tou pnxaviopou
€yKeltal otn SuVauLKr VoG CUCTAUATOC TIOU UTIOKELTAL O €vVav 0OAOVOULKO Tteploplopd (Udwadia and
Kalaba, 1995, 1992): n taAavteudpevn pala eival maktwpévn oe ula akapmtn pdfdo, n omola
ETUTUYXAVEL TNV avénon Tng adpdvelag mpog TNV kateuBuvaon TnG kivnong, cuvdéovtag Toug Babuoug

eheuBeplag g palog kat avaykalovtag €tol Tov  TaAavTwTt va  KwnBel péow plag
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TipodLayeypappévng mepETpkng Sladpopuns. Ta avaAUTIKA omoTeAéoUaTa  UTIOSEKVUOUY TNV
guepyetTikn enidpaon Tou DDA otn SUVALLKA amoOKpLon TOU CUOTAUATOG (CuvapTnoEeLg LeTadopdc), o
oUYKpLON UE ToV apxXlkd povoPabuo toAavtwtn (SDoF). 3tn CUVEXEL, TIOPOUCLALETOL HLla ATtAn
TELPAUATIKY SLATAEN KABWE KoL amoTEAECHATO SOKLUWY OE OELOULKN Tpamela katakopudnc Sleyepong
vyl dladopeg ywvieg tou DDA. Ta amoteAéocuata enaAnBelouv TO avaAuTkO TAAlCLO Ko
avadelkviouy TNV QTOTEAECUOTIKOTNTA TOU HNXOVIOMOU. ATOSELKVUETAL 0adwe OTL UMOPOUUE VA
BeATIWOOUHE TNV amOd00n TwWV SUVOLLKWY CUCTNUATWY Slatnpwvtag mapdAAnAa TIC AmALTACEL O
HaZa kal TG TOAUTIAOKEG SLAUOPPWOELS 0 XOUNAS eminedo. JUVETWE, dalveTal OTL N AT yewUeTpla
kat Souny Tou DDA emutpémel TNV edappoyn TOU OE TIPAYHATIKEG KATOOKEUEG, WC UNYXOQVIOWO

QTMOUE(WONC TAAQVTWOEWV.

3TN ouVEXeELa, 0 SUVAULKOG evioXuTnC (DDA) edapuoletal wg PECO YA TNV TEXVNTH auénon tg Kalag
dWVOVIKWY KPUOTAA WV KaBwg Kat PeTaDALKWY cuvtovi{opevng pnalag (LRM). O kuplog otoxog eivatl
va anodelyBel, péow NG XProng evog pabnuatikol mAaloiou, OTL UMOPoUUE VA BEATIWOOUUE TNV
anodoon Twv GWVOVIKWY KPUOTAAwWY Kot LRM  peTalAkkwy BeATIWvVOVTAC TOUG TIPAKTIKOUG
TIEPLOPLOUOUG KAl Elgdyovtag eAadpld kal kataokeudotpa povadialo keAld. Ma tnv emniteuén avtou
Tou otdyou, uloBeteital éva mpooopoilwpa palag oe pala (mass-in-mass) kal mpayuotonoleital
avdAuon pe ™ xprHon tooo tng Bewpliag tou Bloch (1929) yia Stodldotata MAEyUATa ATIEPWY KEALWY,
000 KoL TNC cUUPATIKAG Bewplag TAAAVTWOEWY OE TIEMEPAOUEVA TIAEYUOTA. TNV MEP{TTTwaon tou LRM
peTalAKOU, pedetdtal pla aplBuntiki eboppoyn wg PECO OELOWLKNC POooTaoiag. IKomog elval va
avadelxBolv Ta TMAEOVEKTAUATA TNG TPOTEWOLEVNG SLATAENG O OXEON HPE TOV OPXLKO CUUPBATIKO
oxedlaopo. TEAOC, ol SUVAULKEG OLOTNTEC TwWV GWVOVIKWY KPUOTAAMwY KabBw¢ kat Twv LRM
petalAKWwy pe DDA emaAnBelovtal MEPAUATIKA PE TN XprRon mpwitotunwy LEGO® kataokeuwy ol

ormoleg e€eTalovTal o appoVIKEC SLEYEPTELS XOUNAN G oLXVOTNTAC.

4.2 Mnyxaviouog kat e§lowaoelg kivnong tou DDA Evioxutn

O unxaviopog DDA elval éva am\é cUoTnua He KUPLA XapakTnpLloTKA TNy evioxuon tTng adpdvelag Kat
TNV EKTPOT TNG Kivnong tng TaAavieuouevng palag, n omola avaykaletal va kwnbel oe dvo
SdleuBuvoelg. To pabnuatiké mpooopoiwpa Tou DDA mapouctdletal oto ZxAua 18 kot mepappavel
Tov oUvdeouo AB, o omoiog elval makTwpévog otnv wala m kal cuvdéstal apbpwtd oto onueio A. Me
TOV TPOTo AUTO, N pala Tou elval TpooapTNUEVN OToV OUVOECUO eavayKAleTal O Uio TEPLOTPOPIKN
kivnon. Zuvenmwc, n ouvdeon auth Onpwoupyel e€dptnon twv Babuwv ehevbBeplag U, v. To
QTTAOTIOLNUEVO TIPOCOUOIWUA TIEPLYPADETAL AT TIC CUVTETAYUEVEG TNG HaAlag m otnv Tuyaia Béon

B(x, y)=(xotu, yo—v), 0mou Xo, Yo Ol QPXIKEG OUVTETAYUEVEG TNG MAlaG, TNV apxiki ywvia
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@=arctan(xo/yo), mou oxnuatiletatl HETaY TOU KATAKOPUDOU AEOVA KAL TOU AKAUTTTOU HEAOUG Kal TNV

ywvia 6 mou &nAwvel v meplotpodn TG pagag otnv tuxaia Beéon B. Tedog, k,, k, elval o

oTBapotTnNTeG TwV eAatnpiwy, kat F n Suvaun mou Sleyelpel TOV UNXAVIGUO.

(a) (8)

Zynua 18: Zynuartikn amelkovion ToU oUOTAUATOC SUVALLKNC eviayuonc (DDA) orou n kivnon V (y kateuBuvon)

elvat e€aptwuevn ano v kivnon U (x kateuduvon) (a) apxikn Bcon ualac, (8) 9on ualac o€ mapaopPWUEVN
Kkataotaon.
H etlowon kivnong tou DDA MpoOKUTTEL LECW TNEC YEWUETPIAC TOU HNXAVIOUOU KOL TNG EVEPYELAKNAG

apxng Lagrange wg €nc:
Mi+Cu+Ku=F (51)

6mou, M =(1+tan’*(p))m, C=c, +c.tan*(p)and K =k, +k tan’(p).

Expetarevopevol tnv e§lowaon kivnong kot Bewpwvtag OTL 0 HNXaVIoHOG exEL amoofeon (on Le Cy, Cy,

n ouvdaptnon peTadopdc Tou UNXaviouou evioxuong otn dtevBuvaon tng SLéyepong MepLYpAdETAL WG:

3 (c,+c,0°) jo+(k +k,p°)
T =- _ (52)
-m(1+ p*) e’ +(c, +¢,0° ) jo+ (K, +k,p°)

onou, p=tang.

43 Mepapatikn Audtaén tou DDA kat EmaAnBguon AplOuntikwv AlOTEAETUATWY

H Suvapikr amodkplon Tou TPOTEWOLEVOU pnxaviopol DDA emaAnBelBnke melpapatika Sieyeipoviag
™ PBdon tou otn oelopkn TPdmelo Tou epyaotnpiou AuvapikAg & AKOUOTIKAC TNG OXOAAG
Mnyxavohoywv Mnyavikwv Tou EMTM. To umd e€€taon MEPAUATIKO TTPWTOTUTO TAPOoUCLAlETAL OTO,
Txfua 19, drou ta katakopudpa ehatrpla EAEEWC elval cuVoALkn ¢ otiBapotntag ion pe k=500 N/m, n
HATa TNG KATAOKEUAC amapTileTal kKupiwe amod pHeToAIKE ehdouata kat toovtat pe m=0.89 kg, evw n

apBpwaon otn Bdon Tou unxaviopol VAOTOLE(TAL e TN XPHon pOUAEUAY. Mo TNV eMiTEVEN TWV OKOTIWY
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TOU TEPAUOTOG ehapuooTAKayv OLadoXIKA apUOVIKEC Sleyepoelg ouxvotntwy 2-10 Hz, evw ot

LETPAOELG EYLVAV UE TNV XPHON ETITAXUVOLOUETPWY TPLWY SLEUBUVOEWV.

Kataxopvoa
eraTplo

POVAENGY

Zynua 19: Ameikovion melpauatiknic Stataénc.

310 IXNUa 19 CUYKPILVETAL N TEWPAUATIKY e TN BewpnTik amdkpLon Tou unxaviopou DDA pe ywvia
»=30° xat ¢=40° oe avuotoyio pe €vav wodlvapo povoBadbulo taAaviwty (bia palo Kot
otipapotnta elatnpiwy). To BewpnTIKWG UTMOAOYWOUEVO GACUA CUUTIMTEL PE TO TELPOLATIKO
enaAnBeloviag To MPOTEWOUEVO HOBNUOTIKO Tpoosopolwpa. Ao T oUyKpLon UETafl Ttou amiol
pLovoBdaBuilou TaAavtwTr Kol TOU TPOCOLOLWHATOC UE TOV PNnXavioud evioxuong, mapatnpeital n
pelwon g loouxvoeTnTag Tou CUCTANATOC amo ta 3.9 ota 3.1Hz, ya p=30°, evw yla p=40° amno ta
3.9 ota 2.8Hz. NapaAAnla, mapatnpeital peiwon Tou Péylotou MAAToUC ¢ TaAdviwong. H pelwon
™G LoouxvOTNTAG MOV ETLTUYXAVETOL avTlotoel oe pelwon katd 19.7% yua p=30° kat 25.6 % yla
»=40°, avtiotoya. MNa peyoAutepeg ywvieg tou pnxaviopol DDA n peiwon mou petprBnke elval

akopa peyaiutepn (Sev mapovolaletal oTo mapov).

Kawvotoueg Alatatelc Amoppodnong Kpadaopuwy kot MetadAka yia EAeyxo XapunAocuxvwyv Kupatwy
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Frequency (Hz)

— SDOF (theor.) X SDOF (exper.) = DDA-x direct. (theor.) % DDA-x direct. (exper.)
—— DDA -y direct. (theor) A DDAy direct. (exper.)

Zynua 20: SUykpLon MEPAUATIKWY CUVAPTHOEWY (ONUE() UETAPOPAC UE AVUAUTIKA QITOTEAEOUATA (OUVEXELC
VpaUUES) yla ywviar ouotiuatog Suvauikng evioxuong (DDA) (a) p=30° (8) p=40°.

4.4 Edappoyn tou Auvapikou evioxutry DDA og ¢pwvovikoug KpuoTAAAoUG

Ot pwvovikol kpUotahAol eival TexvnTd KATOOKELAOUEVES TEPLOOIKEC Sopég mou oxedlalovtal e
oKOTO ToVv €Aeyxo TNC OlOOTOPAC KUPATWY HEow TG okédaong Bragg, odbnywviag oe {WVEQ
efaoBévnong, umo tnv mpolnoBeon OTL oL SlaoTdoels kat oL tepiodol Tng SounG eival cuykploles pe

TO UNAKOC KUUATOC TNG SLEyepaonc.

2TNnV evotnTa autn mpoteivetal n epapuoyr tou evioxuth DDA, otn Sopn Tou dwvovikol MAEYHATOC
pe okomo tv BeAtiwon twv OLoTATWY TOU, UELWVOVTAC TIC AMAITHOELS VLA LEYOAEC TAAAVTEUOUEVEG
Halec. Mpayuatomnoleital avaAvon tou Slobldotatou MAEYUATOC UE TN XPpron tne Bewplag tou Bloch

Kal umoAoyifovtal ol KapmUAeC Slaomopdc. Ta TPOKATAPKTIKA aplBUNTIKA amoTEAEOHATO TNG
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Slepelivnong umoSelkVUOUV ONUAVTIKEC BEATWWIOCELS KL TTAEOVEKTHUOTA O OYXECN UE TOUC CUUBATIKOUC

dWVOVIKOUC KpUOTAAOUC, OTIWC eupUTEPEC LWwveG e€aobevnong kal avénpévo Adyo amodoPeonc.

4.4.1 Avaluon Bloch
To SlodlaoTtato Gwvoviko, eVioYUUEVo He DDA, mAgyua, Bewpwvtag anelpn meplodikn emavainyn
povadlailwy keAlwv, mapouctaletal oto xNua 21. To TAéyua Oev elval opoloyeveég AOyw NG

napovotag Vo SladopeTtikwy pagwv m kat my. K,k ,m_ kat m, amotelovv tnv kupla dour tou

TAéypaTog, omou n ywvia ¢(°) Twv akauntwy cuvdéopwy kabopilel to péyeBog g evioxuong. OL

ouvteheateg Ewdoug anodoBeons ¢, ¢, ekppalovral ano toug AOyoug andoPeong, amo t OxeEon

gi =G /(2\/miki)'

2p1  2p 2p+l 2p+2
; | !
Jynua 21: Alodiaotato ewvoviko AEYUA e SuvauLKoUG eVIOXUTEC (DDA).

OL e€lowaelg ou Teplypddouv TV appoviki Kivnon evog Tumikou povadlaiou keAlol otn Béon p, q

UTTopoUV va ekdpactoly we eEAG:

mLUZ p.2q +C, (uz p.2q uz p-1,2q ) +C, (U2 p.2q uz p+1.2q ) + kx (uz p.2q u, p—l,2q)

(53.a)
+ kx (UZ p.2q u, p+1,2q) =0
My V524 +Cy (\"2p,2q _Vzp,Zq—1)+ Cy (\"vazq _‘72p,2q+1) + Ky (Vap 2 =Vapog1)

(53.8)
+ ky (VZ p.2q V2p,2q+1) =0
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mpu, p+1,2q +C, (uz p+l,2q u, p.2q ) +C, (uz p+1.2q u, p+2,2q ) + kx (U2 p+1,2q u2p,2q)

(53.y)
+ kx (UZ p+l,2q u, p+2,2q) =0
mpV, p+1,2q + Cy (Vz p+1,2q v, p+1,2q—1) + Cy (Vz p+l,2q Vv, p+1,2q+1) + ky (Vz p+1,2q Vv, p+l,2q—1)

(53.6)

+ ky (VZ p+l,2q Vv, p+1,2q+1) =0

YroBEtovtag AUoELC emmeSOU KUHUATOC, KATAANYOUUE OTIC TAPAKATW OXEOELG METAEY Twv PB.€. TOU

TIAEYLLATOG:
— —Jay
u2 p-12q — u2 p+1,2qe (54.01)
_ jay
u2p+2,2q - u2 p,qu (54.[3)
_da, 9y
— 2 2
V2 p.29-1 — V2 p+1,2qe € (54-V)
_da, gy
— 2 2
V2 p.2gq+1 — V2 p+1,2qe € (54.6)
g, 19y
— 2 2
Vopi1,2g-1 = Vap2q® © € (54.€)
o, Jay
V. v, ,e2€e?2 (54.01)

2p+1,2q+1 = 2p,2q

AvtikaBlotwvtag tig E¢. (53) otig eflowoelg kivnong (52), mpokUTTEL éva cuoTnUa TECoapwyY (4)
€ELOWOEWY TIOU UTTOPOUV va ekbpactouv oe popdr mivaka. Ot oxéoels dlaomopdc umoloyilovtal anod

TNV opilouca Tou CUCTAUATOC WC:

det[—/lep'a +4AC,, +K,,]=0 (55)
omnou
M,.=Q:M,Q; (56.0)
Coa= Q;CF,QP (56.8)
Kp,a :Q; K:Qp (56.y)
1 0 0
B 010
Qp_ 0 0 1 (56.v)
0 0 p
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€(val TO UNTPWO HETAOYNHATIOHOU AdYw TN poaBrikng Tou DDA.

H ouxvoTikr amokplon ¢ ouvaptnong petadopds Tou BeATiwpévou e DDA dwvovikoU TAEYHATOS

Tou anoteheftal and menepacpevo aplbud povadlaiwy kehwv M, x M, pmopel va ekppactel umo

Hopdr Tivaka wg:
M () +Cou(t) + K5 u(t) = Fe (57)

omou M, C s K s Ungs Upas Upg Fxr ket m=3/2M M 0 apiBuog twv Babuwv ehevbeplag

™¢ doung. O mivakag petadopdg umoAoyileTal we:

TFpG'a =(-s’M ,f‘a + SC,?,a + Kﬁa)’lF (58)
Kal n ouxvoTLKn amokpLlon we:

FRF =20log,, (I'Ffp) (59)
4.4.2 AplBuntiko mapadelyua

Xpnotluomowvtag tnv Bewpla Tng mponyoUpevng evotntag Kol otoxevovtag oe {wveg e€aoBévnong

XoUnNAwv ouyvothtwy, dnAadr petafu 100-200, Olepeuvdtal O PWVOVIKOG KPUOTAAAOC HE Ta

XOPOKTNPLOTIKA Tou Mivakag 8.

Mivaxac 8: MNopdUeTPOL TPOTOUOLWUATOC.

me [kg] mp [kg] fox [Hz] foy [Hz] & &y

1.0 11 100 50 0.02 0.05

onou, k, =m_ (27 )k, =m_(2zf,) .

To XxAua 22 amneikovilel (a) TI¢ KapmUAeg Slaomopdg Katl (B) tn cuxvoTikn amnokplon Tou dlodldotatou
dwvovikol 8 x 8 mMAéyuatog xwplic evioxuth DDA. Ztnv mepimtwon auth napatnpeital n dnulovpyla
plag Hkpng twvng dtakortg petagy 135 -141 Hz, Aoyw tng pikpng dtadopdg twy podwyv m, Kat my
(10% bladopd).
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Jynua 22: (a) KaurmuAeg Staomopdc kat (8) ouxvotikn armokplon Tou StodLdoTAToU (PWVOoVIKOU
TAEyUaTOC Ywpic Tov evioyut DDA.

Ta mA€ovekTAUATO TNG TPOCBrKNg Ttou evioxuty DDA pmopolv va meplypddouv pEoWw TNG

KavoviKoTolnpévng {wvne e¢aoBévnong onmwc mapouoldotnke otny EE. (50).

OL EUEPYETIKEC SUVATOTNTEG TOU evioxuTr DDA daivovtat otov Mivakag 9 yia ywvieg evioxut ¢(°) and
15 éwg 75, (EE. (53.0)-(56.a)). Mapatnpeital 6t n avénon g ywviag ¢(°) ano tig 15 otig 75 obnyel o
600% avEnon tng kavovikomotnpevng Lwvng dwakomrg (b, ).

Mivakag 9: Suyxvotnta avolyuatog ( ), ouxvotnta kAewoiuarog ( f,) ko mAdrog kavovikorounuévng {wvng

Swakortri (b,).
Case fu[Hz] fi [Hz] fav [HZ] bw
Without DDA 141.4 134.8 138.1 0.05
@(°)=15 141.4 131.9 136.6 0.07
@(°)=45 141.4 113.2 127.3 0.22
@(°)=75 141.4 99.2 120.3 0.35

210 XYAUa 23, amelkovileTal n amokpLon ouxvoTNTAG Tou GWVOVIKOU TMAEYUATOC UE evioxuty DDA
(p=75) yw avtavopevo aplBuo povadiaiwv kehiwv M, =M =4,8,12,16. Quoika, n av§non aut
obnyel oe BeAtiwon tng lwvng e€acBévnong avédvovtag tnv amopeiwon Tou SlepXOUeVOU KUUOTOG

EVTOC Lwvng, ue GAAa AoyLa, auéavovtag to BadBoc tng {wvng.
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-250

0 5I0 160 150 2(I)0
Frequency [H?z|
Sxripo 23: Andkpion ouxvetntag pwvovikou mAgyuatog ue evioxutr DDA (9=75°) yio M, =M y = 4,8,12,16
povadiaio keAid.
310 IxAUa 24, mapouotaletal plo deatn uAomoinon tng SLATaéNg wWe ULa TIPOKATAPKTLKY, PEAALOTIKN
Soun mou pnopel va xpnotuomnotnBel eite wg pikpodour f o€ LEYOAUTEPNC KALLAKAC EPAPLOYES OTTIWC

HLOVWONG Kpadaouwy/ GELCULKNC LOVWONG, NXOUOVWONG KA.

T(- \ !

(a) (6)
Zxnua 24: AmEKOvVIon TNC MPOTEVOUEVNG LOEaTrG uAomoinanc tn¢ Souri¢ Baotougvn atn Bewpla ewVoVIKWY
kpuoTadAAwv e evioxutn DDA (a) tpiobiaotatn amewkovion (8) Aermttouépeta evioyutr) DDA.

4.5 Edapuoyr) tou duvapikov gvioxutr) DDA o€ torika cuvtovi{opeva (LRM) petadAka

Y& aquTAV TNV evOTNTA, 0 SUVAULKOC eVIoXUTAC (DDA) ebapudletal we LECO yla TNV TeEXVNTA avénon Tng
HAloG OUVTOVIOHOU €vOC UETAUAKOU HE TOTkO ocuvtoviopod (LRM). O kUplog otdyxog eival va
urodelyBel, uéow TNG XpRong evog pabnuatikol TAaloiou, OTL PMOPOUUE va BEATLWOOUUE TNV
anodoon twv LRM petalAkwy BEATLWVOVTAC TOUG TIPAKTIKOUG TEPLOPLOUOUG, ELCAYOVTAC EAadPLA Kal
Kataokevaowla povadlaia keAd. MNa tnv emitevén autol Tou oToXoU, UloBeTelTal éva Mpooopolwua

padog o puala (mass-in-mass) Kot TPAYUATOTIOLETAL (LA TIPOKATOPKTIKY TIOPOUETPLKY) avAAuon UeE TN

Kawvotoueg Alatatelc Amoppodnong Kpadaopuwy kot MetadAka yia EAeyxo XapunAocuxvwyv Kupatwy
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Xprion toco ¢ Bewpiag tou Bloch (1929) yia Stodldotata MAEYUATA ATIEPWY KEALWY, OGO KOl TNG
oupBatikng Bewplag TOAAVIWOEWYV OF TIEMEPAOUEVO TIAEYUATA. 2TN OUVEXEQ, MEAETATOL pia
aplOuNTIkn ebapuoyr) Tou PETAUALKOU WC UECO OELOLLKAG TTpooTaciag. 2Komoc eival va avadexbouv
TO TTAEOVEKTNUATA TNG TIPOTEWVOLEVNG SLATAENG O OXEON UE TOV APXKO OUMPBATIKO oxedlaouo. Ta
amoteAéopaTa  UTOSEIKVUOUV TOV EUEPYETIKO POAO TNG Sldtaénc kol Tou unxaviopol DDA,
TOTIOOETWVTAG £TOL TNV OEQ WC pLa IOV eVOAAQKTIKA AUGN OTLC UTIAPXOUCEC TEXVOAOYIEG CELOLKAG

npootaoiag.

To Ixnua 25 amelkovilel To povadiaio kehl pag aming Stataéng ualag os pala, n omnola anmoteAeltal
amo pla e§wTepLkn Mada (M, ), Evav ecwTePKO TOAQVTWTH MAlag (Mg ) katl Ta avtiotolo eAatrplo Kot
anooBeotnpeg. Me Baon autn tnv amin diataén, Stapopdwvovtal Ta evioxupéva (ue DDA) povadiala
KeALd. 2to Zyxnua 25 (a) amewkoviletal n Stapopdwaon evog cUPPATIKOU povadlaliou KEALOU HE TOTIKA
ouvtovllopevn pala evw oto 2xNua 25 (B) amelkoviletal n Stapdpdwon e to DDA mpooaptnuEVo

OTNV E0WTEPLKA pada (Mg ).

Ky / Cry/2 T / ki,
Crx L = Cre 2 Crx

/ kg,/2
é/////////////////////////A

() (B)
Zynua 25: Sxynuatikn avanapdotaocn tou povadtiaiou keAtoU (a) ywpic DDA, (8) ue DDA mpooaptnuévo otn uala
ouVvTOVIOUOU (MR)

Me tnv TomoBétnon TETOlWY HoVASwWY O€ €va TIAEyUa UMOPOoUUE va SNULOUPYACOUUE éva amelpwg
Tieplodiko PeTalALkS. Ot ox€oelg SLaoTopAC TOU TOTILKA CUVTOVI{OUEVOU TIAEYUATOC E eVIOYXUTEC DDA

uTtoAoyifovtal amo v opilovoa tng EE. (60) wg:

de'[[_ﬂ'2 M (g -ppa +4C LRM—DDAKLRM—DDA] =0 (60)
omovu

m 0 0
M (zm-poa :QTMLRMQ =0 m 0 (61.a)

0 0 ml+p?)
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2c¢,,(1—cosq,) +cp, 0 —Cpy
CLRM—DADA ZQTCLRMQ = 0 ZCLy(l_COqu)J'-CRy _pCRy (61.B)
—Crx —PCg, CRXPZCRY
2k, (1—cosq,) + kg, 0 —Kg,
KLRM—DADA :QTKLRMQ = 0 2kLy (1_C05qy)+ szy _kay (61.y)
—Kgy _kay kapszy

310 IxAua 26 mapouctaletal ulo dodlaotatn (2D) Swataln MAEYUATOC UE TIEMEPAOCUEVO OpLBUO

TOTUKA ouVTOVILOpEVWY povadlaiwv kehwy. H eflowon kivnong tg dopng, v M, xM  apbuo

KeALWwV apoucLaleTal uTo TNV Hopdn Tivaka we £€NC:
MLi(t) + Cu(t)+ Ku(t) = Fe” (62)

Ormou M, .,Cns Kians Ungs Ungs Uns Frg KL M glvat o aplBpog twv abuwv eleubeplag (DoF)

TOU PETADALKOU.

R S ) oy
(== té ét éi .o == o
s +.$ t# ’a t*f ,-i,f# e +.*

Sxriuo 26: Aopri ue M, xM y Hovabiala keld pe appovikri bieyepan (F) ato &6 tns dpto.

Ma v mepittwon tne dlatagng xwpls tov unxaviopo evioxuong, m=4M M . Ta tnv duatagn pe to
DDA, m=3M M kat ol mivakeg pagag [MLGRM_DDA] , anooPeong [CLGRM_DDA] Kat otBapotntog

|:KERM—DDA:| UTOPoUV va UTTOAOYLOTOUV WG EEAG:

e] ThpG 63
M LRM-DDA — QG M LRM <G (63)
G TAG 64
CLRM—DDA = QGCLRM G (64)
G TG 65
KLRM—DDA = QG KLRM QG (65)

O mivakag LETOOXNUATIOUOU UImopel va ekPpaoTel we EAG:
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o O O +— O

(66)

QG(AMXMy)x(C-}MXMy) =

o O +» O
o

O .
oOxN +— O

o O — O

P P

Ol mivakeg palog [MG] otBapdtnTag [KG] Kal amooPeong [CG] Kataokeualovial ylo Tt
Snuloupyla Tou TEMEPACEVOU LETAUAIKOU. YIToBEToVTAg OTL N eplobikn Sopr SleyelpeTal apUoVIKA
0TOUC KOPPBOUG elodbou e ouxvoTNTa @, N ouvaptnon petadopdg kabe Babuou eAeuBeplag pmopel

Va UTTOAOYLOTEL amtd TNV akoAouBn éxdbpaon:
TF em_ppa = [_ﬂ“zMIE;RM —ooa t ACI?RM —poa T KIS;RM —DDA]71 F (67)

JUVETWG, UMOPOUUE VA UTIOAOYIOOUUE TNV CUXVOTIKY amokplon o€ kaBe koOuBo. JUYKeEKPLUEVA, N
ouvapTNon CUXVOTIKAC amokplone (Frequency Response Function - FRF) Tng kataokeun g ekdpaletat

O€ VTECLUTEN WG EENG:

in

u.
FRF = 20Iog10( uf'”j (68)

2TV nopanavw nepintwon, U, lvatn LeTatomnion Twv e§wTepkwy Halwv (m, ), orou epappoletaln

Sleyepon L0060V, KAL Uy, N HETATOTLON TNG EEWTEPLKAG HAlag Twy TeAeutaiwv povadiaiwv KeAwv.

4.5.1 ApBuntika AnoteAéouata

'Onw¢ EPLEYPADNKE TIPONYOUUEVWC, TO TIEPLOSIKO HETAUALKO Aettoupyel wg dAtpo Lwvng SLEhevong
{wvng SLaKOTIAG, 0oL yla TNV TEPIMTWaoN amelpwy povadlaiwy keAlwv xwplic amocBeon eudavidovrat
TéAeleC BLOTNTEC PATpaploUATOC. 2TO TAPOV KEPAAALO, TAPOUCLAZETAL Ula EVOELKTIKY HEAETN
Baowouevn otnv epyacia twv Dertimanis et al. (2016) yia LRM petalAkad mou €xouv oxedlaotel yla
TOV LETPLAOUO OELCULKWY KUUATWY KAl TNV TTPOOTACIA KATOOKEUWY TIOALTIKOU UNYavIKoU. ZUudpwva Pe
TV mapandvw dnpocieuon, peAetwvral TPl (3) dladopetikég {wveg dlakomn¢ (bandgaps) - n mpwTn
elval petalt 0.5 — 1.5 Hz, n eltepn petaty 1.0 — 2.5 Hz kat n tpitn petagy 2.0 — 5.0 Hz. Oswpwvtag
efwtepkkn pado lon pe m_ =1Mgr, n QmatoUpeVn ECWTEPLKA ouvTovlOpevn palo (mg) Kot

otBapdtnta (ks ) Tou Tohavtwtr urtohoyilovtal katd Dertimanis et al. (2016) cUupdwva pe Ta €8nG:
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2
f
mg = (_H] -1im_ (69)

K, = 472 f2m, = 47?(f2 — f2)m, (70)

onou f_ kat f, [Hz] avtiotoolv oto xapnAod kat uPnAd KoTwAL TNG EMAEYLEVNG {WVNG SLOKOTIG
(bandgap).

Me otdyxo Tn UEAETN TNC eMISpaong Tou pnyaviopou evioxuong DDA otnv GUXVOTLKY) OmOKPLON Tou
HETAUALKOU, N mapoloa EPEUVA ETUKEVTPWVETAL 0TO 0evdplo 2 ({wvn Stakomng petady 1.0 — 2.5 Hz)
kat k, /kg =1. Zto mhaioto autd, unoloyilovral n {wvn Stakomig Katl n cuxvotkr anokpon ( FRF)
NG TMEPLOSIKAG KATAOKELNC, Bewpwvtag pndevikn amocBeon. ITn OUVEXELD OUYKPLVETAL N PBacikn
Slapdpdwon (apxikd LRM petatAwkd katd Dertimanis et al.) pe to avtiotolxo HETAUAKO TOU
niephapPavel o DDA (LRM-DDA). Ot KapumUAeg SLaomopdc oto IxNua 27 eixvouv OTL N ebapuoyr Tou
HUNXQVLOROU evioyuong aufavel To MAGTOC TNG {wvng Slakomng, AOYw TN TTWONEG TOU 0KOUOTIKOU
KAGSou. AMO TNV GAAN TAEUPA, O OTTIKOC KAASOC MapapEVEL OUETABANTOC. H cuXVOTIKY amokpLon
Selxvel OTL oTnV TtepLoXn TOAU XOUNAWY CUXVOTATWY, KATw amo 1.0 Hz, n kaumuAn tou LRM pe to DDA
petatomiletal mpo¢ ta KATw o€ ovuykpon pe o LRM Ywplc to DDA. Onwc avauevotav, ta

XOPAKTNPLOTIKA e€aoBévnong BeATiwvovTtal 000 avéavetal n ywvia tou DDA.

5 1 ' ——LRM w/o DDA
~——LRM-DDA, ¢ = 60°
4l ——LRM-DDA, ¢ = 75°

Frequency [Hz|
o w =~

—_

0 q[-] T -60 10 -20 0 20 40
FRF [dB]

2ynua 27: (aptotepd) KaurtuAeg Staomopdc kat (6e€ld) ouyvotikr amokpton tou uetalAikou yia m=1Mgr,
mg=5.25 Mgr, ki/kr=1, N= 4 povadiaia keAid (unit-cells) kat Sewpnon undevikric andoBeonc..

ATIOTEAEOUATO TTAPAUETPLIKWY AVAAUCEWY Yla SLadOPETIKEG Ywviec Tou DDA evioyuTr) Kol LEYAAUTEPO

aplBuo povadlaiwv kehlwy mapouctdlovtal 0To OAOKANPWHEVO TEVXOGS TNG SL8AKTOPIKAG SLaTpLPnC.
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4.5.2 Edappoyr tou DDA o€ €va HETAUALKO YLa OELOLLKH TIPOOTACIO KATAOKEVU WV

Y710 XxAua 28 mapouaotaletal pia mbavn Slata&n evog mPoTEWVOUEVOU UETAUALKOU CUCTAHUATOC yLa TNV
OELOLKN TIPOOTACIO KATAOKEV WY TIOALTIKOU pnxavikol. Ta TOmikA ouvtovi{opeva povadlola KeAld
TomoBetolvtal oto £06adog¢ ot akTwikR Olatafn, €ToL WOTE VO TIEPIKAEIOUV TIC KOTOOKEUEC
evOlapEPoVTOC. Y& TepIMTWaon oeloplkng Stéyeponc, To PETAUAIKO GIATPAPEL TO XOUNANC CUXVOTNTOG
TIEPLEXOUEVO TOU KUHATOC amoppodwvIaC £C0WTEPIKA TN OCELOMIKN EVEPYELX KOL, WG €K TOUTOU,
petplalovtac tn Stéyepon. Elval onpavtiko va onpelwBel 0TL Adyw TNG YEWHETPLOG TNG KATAOKEUNC, N
TIPOTEWVOUEVN SLappVBULON TWV OELOULKWY HETAUAIKWY glval KATAAMNAN yla TPOoTacla KATOOKEU WV
amod empavelakad kupata (Datta, 2010), Ta omola, Adyw TNG XAUNANG TOUG oUXVOTNTOC Kol To LPNAS
OXETIKA TIAATOCG, 08nyoUvV O ONUOVTIKEG ETMUTTWOELS KoL TIPOKOAOUV PAABEC oOTIC avBpWTILVEC
kataokeueg (Anderson, 1990). O HETPLACUOG TWV OELOUIKWY SLATUNTIKWY KAl SLAUNKWY KUUATWY

(kOpata S kat P) Sev amotedel u€pog TG mapoloag LEAETNG KAl TNG W6Eag oxeblacuoU.

Indicative / l
Structure

t DDA Metabarriel
Surface Waves 9&

5 Body Waves
Surface
waves \

(a) (6)
Zxnua 28: Sxnuatikn avamapdotaon (a) tne aktviknic dtataénc tou DDA uetaiAikou o€ katoyn kat (6) tng

TUTTIKNC SLATOUNG TNC EYKATAOTAONC.

H umoé e€étaon Sudtaén mapoucidletal oto ZxAUa 29. ‘Eva kolAo KUALWVEPLIKO TUAUA Ao OTALOUEVO
okupodepa (02) amotelel v e€wteplki pdlo tou povadlaiou keAlou (mL) EVW éva YoAuBSdwo
KUAWVOPLKO TUNUQ QmOTEAEl TNV €0WTEPLKN ouvVToVI{Opevn pala (mR). Ta elatipla TOU
TIPOCOUOLWHATOC UropoUlV va uAomotnBouv amnod €va EAACTOUEPES - EAACTIKO UALKO UE oTBapotnTa
looduvapun Pe to BewpnTIKO TTPOCOUOIWHA, TO OTtolo pmopel va evioxuBel katdAAnAa avaioya pE TIg
analtioelg otifapodtntag kal avioxns. O upnxaviopog DDA pmopel va uAomoinBel pe po amin

akapurtn Soko (evbexopévwe uta otBapr xaAuBdvn Sokod) cuvbedepévn oe éva AKOUTO BeUENLO.
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Me otdxo TNV emKUPWON TNG Anmodoonc Tou OXESLOOUEVOU UETAUALKOU, O KWOLKAG TIETIEPAOUEVWY
otolxelwv ABAQUS® xpnolomoLe(Tal yla Ula oepd aVaAUCEWY CUXVOTIKAG ATOKPLONG KL OELOULKAC
xpovoiotoplag. Ol MAPAETPOL TOU TIPOCOUOLWUATOC Slopopdwbnkayv ULOBETWVTAC TIC TUMEC TWV
UALKWVY ToU 8eatol oxedlaopol, Omwe avadEPETAL OTIC TIPONYOUUEVEG TOpaypAPOUG. la Toug
OKOTIOUG TNC Tapouoag MEAETNG, uloBete(tal €éva mpooopoiwpa pe N=4 povadiaia keAd. O
oxedlaopodg akolouBel to devtepo oevaplo {wvng Slakomng, onou f, =1 kat f, =2.5 Hz, avtiotoya. H
avAAuUon TIPAYLATOTIOLE(TOL 08 Tipooouolwua TPLoSAcTatwyY (3D) MEMEPACUEVWY OTOLXELWY Yla TO
LETAUAIKO pE Kol xwplc To DDA. Apylkd, Tpayuotomoleital pia avaAucon appovIKWY OleyEpoewy

(sweep tests) mou ebapuoletal oto mpwto povadlaio kel Tng Statagnc.

Q¢ emodpevo Pnua, OStepeuvatol n amodoon Ttou DDA petalAlkol umd oelopikn Sléyepon.
Xpnolwpomolovvtal Sladope; OEOUIKEG OLEYEPOELG TIOU QVTLOTOWOUV o0t OladopeTika emineda
ETUKLVOUVOTNTAC KAl CUXVOTHATWY Kal €KTEAOUVTOL OVAAUCELS Xpovoiotoplag yla tn HEAETN Twv
SUVAULKWY BLOTATWY TOU TPOTEWVOUEVOU CUOTAUATOGC. 'Eval TeEXvNTo emttayuvoloypadnua pe ddoua
amokpLong emTtdyxuvong cuupato pe To daoua anokplong oxedlaopou Ttou Eupwkwdika 8 mapdyetal
HE TN ¥pnon Tou AoylopikoU SeismoArtif (2018) kat uvwoBete{tal wg Paon ya TG avaAloeLg
xpovoiotoplag. EmutAéov, Olepeuvdtal n omokplon Tou OXeOLOOPOU Of TPAYUATIKEC OELOULKEG
OlEYEPOELG, Yl TIC TEPUTTWOELS TWV Oelouwy tou Alylou (1995) kat tou Anfoupilou (2014). Ou
OELOULKEG eTUTAXVUVOELS ebapudlovTal AMAOUCTEUTIKA WG opllovila Sléyepaon oTo MPwTto povadiaio

KeAL kal oTn ouvEXELa UTIOAOYILETAL N ATIOKPLON TOU TEAKOU KEALOU.
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Ektevrc NepAndn

(rubber)

Internal spring
(rubber)

External spring

~

External mass
(concrete)

Resonating
mass (steel)

& Unit-cell

Cross-Section

Hinge

DDA
mechanism

DDA Metabarrier

Zxnua 29: Zxnuartiky avamapaoTaon TOU TIPOTEIVOUEVOU UETAUALKOU L€ TOo Suvauko ouoTtnua evioxuonc DDA,
LIE OKOTTO TNV MPOOTHO(0 KATAOKEUWYV QIO OELCUIKA KULATA.

210 2xAua 30 mapouclAZeTal N CUXVOTLKN OTtOKPLON TOU TIPOTELWVOUEVOU CUOTHUOTOG LE KOl XWwPLg Tov

punxaviopo DDA evw oto ZxApa 31 n andkplon tou LeETAUAIKOU O€ TIPAYUATIKEG OELOULKEG SLEYEPTELC.
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—— LRAMw/o DDA
—— LRAM- DDA

_120 | | | | | | | | | J
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 )

Frequency [HZ]

xAua 30: Yuxvotikn anokplon (FRF) Tou ogloutkol HeTAUAKOU UE Kal Xwpig Tov pnxaviopo DDA, énwg
UTTOAOYLOTNKE Qo TNV OVAAU O™ TIEMEPACUEVWY OTOLXEWV.

06 04 12 -
= original = original = original
= filtered = filtered 08 = filtered

Artificial excitation 03 Aegion (1995) Rl Lixouri (2014)
L L L L L J _04 1 1 1 1 J _12 1 1
0 5 10 15 20 25 30 0 1 2 3 4 5 0 5 10 15 20
() time [s] (B) time [s] (v) time [s]
3¢ . 14 o 4 r
= original = original — original
25 | = filtered 12 | = filtered 35 = filtered
& 1 ’
o 2 25
E 08 | '
—15 2
% 06 |
L | 15
0.4 1
05 o . 02
Artificial excitation Aegion (1995) 05 Lixouri (2014)
O 1 1 1 1 0 1 1 1 1 0 1 1 1 1 J
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
(6) Frequency [Hz] (€) Frequency [HZ] (ot) Frequency [Hz]

Zxnua 31: Anokpton tou DDA LEeTaUAIKOU O€ MPAYUATIKEC OELOULKEG SLEYEPOELG: (A) TEYVNTO
emtayuvaoloypapnua cuuBato ue EC8, (8) Aiyto, 1995 enitayuvaotoypapnua, (y) Anéoupt, 2014
emtayuvoloypapnua kat (6) — (0t) avriotoya eACUATA ETTITAXUVONC VLA TIC APYLKEC KAl PIATPOPIOUEVEC
SleyEPOELC.
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4.6 MNepapatikn Slepelivnon Twv WOLOTATWY amoppodnong TOAAVIWOEWY TwV GWVOVIKWY
KalL TOTILKA cuVTOVI{OpEVWY peTtaUAkwy pe DDA Evioyutn

STV evotnTa aut OlEpeuVATAL TIEWPAMATIKA N SUVOIKA OUUMEPLPOPA TWV TIPOTEWOUEVWY
SLOHOPPWOEWY GWVOVIKWY Kol TOTUKA ouvtovilopevwy (LRM) upetaUAlkkwy pe DDA evioxuth.
JUYKEKPLUEVQ, TA TIELPAMATIKA TIPWTOTUTIA HETAUALKWY Kotookeudlovtal amd otolyeia LEGO® kat
Sokualovtal UTO SUVOLKY GOPTLON HE OKOTO TNV €MAANBELON TWV AVOAUTIKWY Kal aplBunTkwy
ATMOTEAECUATWY. A TO OKOTO auto, kataokeualovral kal Sokipdlovtal T€coeplc (4) SladopPeTIKES
Slataelg: uo oupPatikr dwvovikn alucida, plo evioxuuévn pe DDA dwvovikn aAvcida, pia
ouUBaTIKA ToTiKA cuvtovilopevn (LR) aAucida kal pla evioxupévn e DDA tomikd cuvtovilopevn (LR)
oAuoiba. Ta amoteAéopoata emiBeBalwvouy TI¢ SuvatoTNTEG TwV eVIOXUUEVWY pe DDA Sopwv Kot
amoSelKVUOUV OTL TA TIPOTELVOUEVA LETAUALKA UTTOPOUV VA TIEPLYPOdGOUY ETIOPKWE ATIO TA AVAAUTIKA
Kal apOuntikd povtéha mou avartuxBnkav. TéAog, ta LEGO® mpwtotuna umodslkviouv oOtl
PEQAALOTIKEC KATOOKEUEC TIANPOUG KAlpokag elval ebIKTEC Kol KATAMNAEG yla éva guplu daoua

edapuoywy, TLY. LETPLACUO CELCUWY, ATTOUOVWON KPASAOUWY, AKOU OTIKY) LOVWON K.AT.

Mépa amo ta eAatrpla EAEEWC OV KATAOKEUAZoVTAL KATA TtapayyeAia, TNV E0WTEPLKA cuvtovi{Ouevn
Halo tou petaUAlkol LR mou uAormoleital pe tn xprion xaAUBSWwvY podeAwv Kal Toug SLAUAKELS
obnyouc mou elval KaTaoKEUaoUEVOL amd aAoLUivVio yla TNV avénon tng KABETNG Kal TAEUPLKNG
oTBapotTnNTAg, TA TEPLOOOTEPA €EOPTAUATA TOU HETAUAIKOU OUVAPUOAOYOUVTIAL WE TN XPnon
efaptnuatwy LEGO®. H enmloyn twv otolyeiwv LEGO® uloBeteital Aoyw ¢ oXeSLO0TIKNAC amAdTNTAG,
TOU XaNAoU KOOTOUG Kal TNC akpifelag oe yewpeTpla mou pmopoly va mpoodEpouv 0 CUYKPLON HE

EVAANOKTIKEC AUOEL OTIWG oL XOAUBSIVEC KATAOKEVEG KAl T TPLOOLAOTOTA EKTUTIWHEVA OTOLXELQ.
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Zxnua 32: AmEKovIon TwV eVIoYULEVWY e DDA (a) pwvovikwy kpuotdAAwv, kat (8) tomika ouvtovi{ouevwy (LR)
LEGO® petaiAikwv.

Y10 XxAua 32 (a) mapouctdleTal N oxnUATKn avanapdotacn tng Slataing tng pwvovikng aluoidag,
omou o evioxutnc DDA Bpioketal otn PBaon tng talavteuopevng palac. Mua apbpwth clvdeon

vAoToleltal pe Tn xprion otowxelwv LEGO® kal emitpémnel otov cuvdeouo DDA va meplotpédetal
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eAelBepa, evw udla otabepry BAcn KOTAOKEUAIETAL TIPOKELUEVOU va otnpléel toug &v Adyw
HUnxaviopouc. H Sour LR mou anewkoviletal oto xrua 32 (B), amoteAeltatl and povadlaia keAd (unit-
cells) pe mapopoleg SLAOTACELS UE TIC SLAOTACELS TOU PWVOVIKOU TIAEYLATOC KOl HLOL aveEapTnTn

KQTAOKEUN TIOU UTIOOTNPIlEL TOUG eVIOXUTEG DDA.

46.1 Nepapatiky Adtagn

H mepapatikn ddtaén mapouvoialetal oto 2xnHa 33. O nAektpoduvapikog dieyeptng (shaker) MB
Modal 110 (MB Dynamics) ebappoletl povodlaotatn opllovtia Sléyepon oTnv apxn ToU CUCTALATOG.
YTov d&ova tou Sleyeptn Tomobeteital otn pia mAeupd tou pia EUAwVN Baon, n omola Asttoupyel wg
OELOULIKN Tpamela, evw Slapnkelg odnyol kal €5pava mapéyxouv otnpLEn, dlatnpouv To Tpamell ot
opllovtla B€on kol TePLOPilouV TIG TTAPAOITIKEG KATAKOpUbEG TaAAVTWoELS. H Yndlakn yevvitpla
ONUATOC TIOPAYEL APUOVIKEC TAAOVIWOELS O€ TPOKABOPLOUEVO €UPOG CUXVOTATWY KAL O EVIOYXUTNC
(2050E05 - modal shop INC) AapBavel to mapayopevo onpa kat evepyorolel tov dleyéptn. H dLéyepon
edbapuoletal oto aplotePd AKPo TNG aAuoidag, OmMou TO OTAPLYUA TOU TPWTIOU KeALOU elval
TOTOBETNUEVO OTNV OELOULKN Tpdmela, dnuloupywvtag €tol Slapnkn kupata mou dladidovral otnv

aAuvoida amo LEGO®,

NI LabView 2013°

software NI LabView [ NI'USB9162

2016" software
1 —
oo

NI CB-68LP
terminal PCB 333B30

connector uniaxial acc.

block
NI PCI-6052E oo

PCl card. lnn O O O u_l_>

u o =
2050E05 amplifier

<+—>

MB Modal Shaking table
110 shaker

Zxnua 33: ZYnUatikn avanapaotacn tnc MEPAUATIKAC Stataéng.

Ermtayuvoldpetpa eykabiotavtal oto tedeutaio keAl kaBwg kal oto onueio epappoyng e SLEyepong
TIPOKELEVOU va ETPNBoUV pe akplBela ol emtayuvoels otnv elcodo kat €060 Twv petalAkwy. H
Kataypadn Twv HETPROEwWV Yivetal péow tou AoylouikoU NI LabView 2016°®, evw n enetepyacia
Tipaypatonole(tal Ye ) XpAon amiwv aAyopiBuwv mou avamtiooovtol oto Aoylopikd MATLAB

R2020b°®.
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Mo T AVAYKEC TNG EPAATIKAG Stadikaciag, emAéyeTal va xpnotpomolnBouv N=4 povadlaia keAld
(unit-cells) yla Ta dwvovika kat N=3 yia ta Tomkd cuvtovi{opeva LeETalAKA (pe kal xwpic DDA). Kat
OTLG SU0 TIEPUTTWOELG ETAANIKEG POSEAEC XPNOLUOTIOOUVTAL YIa VO AUENCOoUY TNV AL TWV KEALWV
(6mou ypelaletal). O evioxutng DDA tomoBeteital evaAAGE otnv mepimtwon Tou ¢wvovikou
kKpuotaAhou (SnAadn oto keAl 2 kot 4) evw OTNV MEPTTWON TG TOTLKA cuvtovi{ouevng aluaoidag, to
DDA tonoBeteltal oe OAeg TIG e0WTEPLIKEG HATEG. H ywvia tou DDA emhéyetal (on pe @ ~60° kat
@ ~55° yla 1o pwvovikd kat to LR petalAko avtiotoya. MNeplocdtepeg mhnpodopleg OXETKA LE TOV
oxedlaoUO, TG TIUEC TwV palwy, oTIROPOTNTEG TWV eAATNPLWY KATL. TIOPEXOVTAL OTO OAOKANPWUEVO

TeV)0G NG SL8aKTopKAG SLatplBng.

4.6.2 MNelpapatika AmoteAéopata
To mepauatiko ddoua petddoonc AapBavetal wG 0 AOYoC HETA) TwY GOCUATIKWY ETITAXUVOEWY

out

e€odou kal eloodou {Uﬁn /l]li"} LE TN XPAoN TNG ouvVAPTNONG UETAOXNUATIOHOU Fourier (FFT). H Lwvn

Slakorr¢ Tou eEeTalopevoy PETADALKOU QVTIOTOLKEL OTIC TEPLOXEG OTIOU O AOYOG TOU GACUATOC UETOEY
€€0dou Kal eloodou MEGTEL KATW amod tn povada. EmutAéov, oUyKpLOn TPAYUATOTOLETOL UE TLG

QVT{OTOLKEG TIUEG TWV AVOAUTIKWY UTIOAOYLOHWV.

w’
— Phononic experimental

30T — Phononic theoretical
o)
=
=
o~ -
=
L)
S
.Qﬁ"
= e
5 ot

_30 1 1 1 1 1 J

1 3 5 9 11 13

7
Frequency [Hz]

Zxnua 34: SUykpton UETAED TNG MELPAUATIKIC KAL TNC AVOAUTIKA EKTIUWUEVNC CUXVOTIKNC ATTOKPLONC

T {Uf”t / Uli"} yla to UETAUAIKO TEcOdpwV (4) povadiaiwv keAlwv TG ewvoviknc Souric.
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210 IxNua 34 mapouctalovial Ta OMOTEAECHATA TNG BewpNTIKA EKTILWHUEVNC SUVAULIKAG ATIOKPLONG
KaBwe Kal TG MEPAUATIKA UETPOUPEVNC OTOKPLONG ToU Gwvovikol UETAUAKOU TIPOKELUEVOU VOl
npoodloplotel 0 PBaBuodc otov Omolo TO AVOAUTIKO TIPOCOMOIWUA TAPLAlEL PE TO TIELPOLATIKA
dedopéva. Mapatnpeitatl otL ot SUo KapumlAeg mapouclalouy Kamoleg Sladopeg dcov adopd TN
ouxvoTNTA AVolypaTog TS {wvng SLAKOTIAG KOL TO ONUEOU GUVTOVIOMOU, WOTOCO0, QTTOTUTIWVETAL N
avapevopevn Suvaulkn amodoon tou HeTalAkoU Kal daivetat kabapd n dnuioupyla {wvng

€€aoB€vnoNG OTLC UTTOAOYIOUEVEG CUXVOTNTEC.

310 IxNua 35, amelkovileTal N MEPAUATIK SUVOLLKA amokplon Twv SU0 KATOOKEUWY (UE Kal Ywplg
DDA), omou eival epdavng n Slevpuvon tng lwvng e€acBévnong HETA TNV Tpoobnkn tou DDA.
JUYKPLVOVTAG TIG AVOEVOUEVEG {WVEG SLAKOTING LE TIG AVTIOTOLECG TTELPAUATIKEG OUHMEPOAIVETAL OTL TO
HEyeBog elval mapduoLo, VW apatnpeltal pa petatomnion (~1.5Hz) ot xapunAdTePES oUXVOTNTEG Kal
yla Ti¢ SUo aAuoidbeg. ZUVOALKA, N SUVAULKY ATIOKPLON TWV TIPOTEWVOUEVWY TIELPAUATIKWY SLATAEEWY
enmainBeVel TOUG AVOAUTIKOUC UTIOAOYLOPOUC, ETUOEIKVUOVTOC KATA QUTOV TOV TPOTO TIG SuvaTtOTNTEC

TWV eVIOXUPEVWY e DDA dwVOoVIKWY LETAUALKWVY.

60 | ; |

: | —— Phononic w/o DDA !

— ic - |

T : : Phononic - DDA |

m | | |

= : : Phononic bandgap !

= 20 < j
— I I

;i | I |

¥ oof i X | I

:3 < =i

w 1:' Phononic - IiZ)DA bandgap |

20 F | :

| | |

| | |

-40 1 ! ! 1 [ | L i |

1 3 5 7 9 11 13

Frequency [Hz]

ZXNUa 35: ZUYVOTIKO TEPLEXOLEVO TNC QITOKPLONC TOU (PWVOVIKOU UETAUALKOU UE Kat xwpic DDA ((p =60 ) yla

gva nAeyua teoodpwv (4) povadtaiwy keAwwv. H ueyiotn enttayuvvon kade povasdas P ouuBoliletat wg max U: )

TNV meplmTwon Tou TOTUKA ouvtovilouevou UPeTAlALKOU, O avTlotollo pe Tnv TEepimTwon tou
dwvovikol KpuoTaAAou, n oUyKplon HETOEU TNG TELPOAUATIKAC KOL TNG OVOAUTIKA EKTILWUEVNG
OUXVOTIKAG armoKpLong mapoucolaleTal oto IYAUA 36, eVw TA QMOTEAECOUATA TNG TEPOAUATIKAG
Sdlepelivnong pe kal xwplc DDA oto ZyAua 37. MpayuaTl, N MEWPAUATIKY UE TNV AVOAUTLKA KOUTTUAN
elval og oxetkn cupdwvia, AapBavovtag umtoyty OTL N anodcfeon Adyw Twy TPLRWY OTNV TTELPAUATLKN

Sdlataén Sev umopei va petpnBel pe akpifela kat eivat petafarropevn avaioya e tnv SEyepon.
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H apxlkr Tormika cuvtovilopevn ahucida (xwpic DDA) mapouactalel {wvn e€acBévnong petal 7.5 kal
10.1 Hz, n omola eival cupdwvn e TN BeWPNTIKA EKTIUNON, EVw N evioxupévn pe DDA aiuoida,
eudavitel {wvn e€aobévnong petafd 4.5 kat 9.5 Hz, n onola eivatl eAadpwg UKPOTEPN O CUYKPLON HE

TIC OEWPNTIKEC EKTIUNOELG (OKLAOUEVEG TIEPLOXEC OTO ZXNHa 37).

H evioyupévn pe DDA Siataén emaAnBeUel T MAEOVEKTUATA TNG EPAPLOYHC TOU evioyuTr) DDA, omwg
TiEPLEYPADNKE O TIPONYOUUEVEG TIOPAYPAPOUG, KABWC EMITUYXAVOVTAL LEYAAUTEPEC {WVEC SLAKOTINC
oe olykplon pe TG oupPatikég Slatdtelc LR. Tautoxpova, UETPLAIOVTOL ONUOVTIKA T TAAQTN Twv

KOopUGbWV CLUVTOVIOUOU, TIPLV KAl LUETA TN {wvn e€aoBévnonc.

Jupmepaivetal OTL 0 pnxaviopog adpavelakng evioxuong DDA pmopel va ypnotpomownBel ya ™
BeAtiwon Twv Suvaulkwy WBLOTNTWYV HETAUAKWY KaBwg Kal GAWV ouoTNUATWY amoppodnong
Kpodaopwy. AMEG TTUXEC €DAPUOYNG TOU TIPOTEWVOLEVOU UNXAVIOUOU Yyl CELOWULKY Tipootacia
KATAOKEVWY, OUANOYN EVEPYELAG ) OKOUCOTIKN) amoppodnon, amoteholv Bépota pe Slaitepo

EPELVNTIKO evdladEpov yLa To PEAOV.

— LR experimental

15 | .
— LR theoretical

[ {ing™“fiiz" }| [dB]

-15 1

20 1 1 1
2 4 6 8 10
Frequency [Hz]

JYNUa 36: TUYKPLON HETOEL TNG TIEPAUATIKAG KAL TNG AVOAUTIKA EKTLLWEVNG CUXVOTLKAG QmoKpLong

F {l'.l';)llt / Ulin} yla To HeTaUAKO Tplwv (3) povadiaiwy KAV TNG TOTIKA cLVTOVIIOUEVNG SOUNC.
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IXAUA 37: ZUXVOTLKO TIEPLEXOUEVO TNG QIOKPLONG TOU TOTIKA CUVTOVI{OUEVOU UETAUALKOU PE Kal Xwpic DDA
((0 = 550) yla €va TAgypa tpwwv (3) povadilaiwv keAlwv. H péylotn emttaxuvon kaBe povadag P oupPoliletat

L.
wg max U

4.7 Zuvoyn

Ev katakAe(bL, n mapovoa PeAETN MaPoUCLAleEL Evav VEO Unxaviopd Suvaplkrg evioxuong, to DDA, o
omolo¢ amookomel otnv auvénon tng adpdvelag kal TNV evioyuon Twv SUVOLKWY OLOTATWY TWV
TOAQVTEUOUEVWY KOTAOKEUWY. H KUpLla Kalvotopia tng ehapuoyn g EYKELTAL OTNV amAR YEWUETPlA Tou
TIPOTEWVOUEVOU CUOTHUATOC - N TAAAVTEVOUEVN HAla elval OTEPEWUEVN OE €vay AKOUMTO OUVOECHIO
TIOU AUEAVEL TNV adpavela Tpog TNV KatevBuvan tng kivnong, avaykaloviag Tov TaAavTwtn va KivnBetl

HEOW pLag TPOKABOPLOUEVNC TIEPLLETPLKAC SLASPOLNG.

Mapouolaletal éva avahuTtikd mAaiolo, To omolo mapéxel tn Bewpla kal Tn pabnuatiky dtatunwon
TOU pnyaviopou DDA. Qg enmdpevo Brua, emainBevetal n anddoon Tou UNXAVIoUoU TTou avamtuxonke
Kal ETKUPWVOVTAL Ta BEWPNTIKA TPOCOLOLWHATA HECW TELPAUATIKWY SOKIUWY O KATOKOpUdN
ook Tpamnela. Ta amoteAéopata Selyvouv pla OUVOALKY cupdwvia HETOE) TwV UETPACEWY Kal
TWV AVOAUTIKWY UTIOAOYLOPWY, TOTIOBETWVTAC £TOL TNV O€a WG ULl pEAALOTIKA AUon adpavelakng

evioyuonc.

2Tn OUVEXeLa, o evioXUTAS DDA edapuodletal oe dwvovIKoUG KpUOTAAAOUC Kal TOTIKA GUVTOVLIOUEVA
HeTAUALKA e okomo TNV BeAtiwon Twv Suvapikwy Toug WOloTNTWY. MpayUaTOmoLoUVTIAL AVOAUTLKEG,
apOUNTIKEC aAA KAl TEWPAPATIKEG AVAAVOELS O UTO KA{HAKO TPWTOTUTIA Kal amodelkVUETAL N

duvatotnTa Tou UNYavIopoU va auédvel To eUpog NG {wvng e€acBévnong. Katd cuvénela, pailvetal
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OTL Ta MeTalAka pe DDA pmopoUv va QIMOTEAECOUV A KOLWVOTOPO AUON Yyl TOV HETPLOOMO

TOAQVTWOEWVY XOUNARG CUXVOTNTAG.

5.

Tuunepaopata

Ytnv mapovoa SLOakTtopikr SlaTpBr, HEAETNONKOAV VEEC OTPATNYIKEG HEIWONC TOU XAUNAOGUYXVOU

BopUBoU Kal EAEYXOU TOAAVTWOEWY, TIPOTEIVOVTAC KALVOTOUEC SLOTALELG PACIOUEVEG OE CUOTHHATA

HETAUALKWY, TIPONYUEVOUG OOCRECTNPEG OpVNTIKNAC OTIRAPOTNTAG KOl UNXaviopoug evioxuong. Ta

KUpla Bépata mou StepeuvnBnkay eival ta e€AG:

O oxebloopoOC aKOUOTIKWY OTNPiEewy yla TNV BEATIWoN TwV NXOUOVWTIKWY SUVATOTATWY

TIETOOUATWY HE SLaTALELC apvNTIKAG OTLRAPOTNTOC Kal adpaveLOKOUC EVIOYUTEC.

O oxebLaoUOC METACUATWY TUTIOU CAVIOULTC UE XAUUNAOCUXVEC NXOUOVWTIKEG SuVATOTNTEC UE

Bdon tn Bewpnon tou petalAkol KDamper — IAM.

Ot duvaToTNTEG TOU KOLWVOTOUOU HNXaviouoUu evioxuong, DDA, kal n eVOwWUATwon Tou o€
dWVOVIKOUC KpUOTAAOUG KAL AKOUOTIKA UETOUALKA, LIE OKOTIO TNV XProN TOU O€ QKOUOTIKEC,

QVTLOELOULKEG KAL AVTIKPAOAOUIKES EDAPLOYEG.

Ta kUpla cupmepdouatTa ou e¢ayovtal anod tnv napovoa Sidaktopkn dlatplBr) cuvoyilovtal ota

akoAouBa:

H edapuoyn tou pnyaviopol KD-IAM wg oUotnua oTAPLENC QAKOUCTIKWY TETACUATWY,

Snuioupyel pla eupeia kat Babd Lwvn olyaonc.

To peTalAKO popdng KD-IAM €xe eCalpeTikr) oUUTEPLPOPA OTIC XAUNAEC OUXVOTNTEG
Snuloupywvtag Babiég kat eupelec Lwveg e€aoBévnong dlxwg va amatteltal peyahog aplBuoc

povadlaiwy KeALwy.

H nmapaywyr metacpdtwy TUTou odvioultg, Baaclopéva otn Bewpla tou petalAikov KD-IAM,
elval ediktn, xwplg TNV amaitnon mepimAoKWY KAl KOOTOROPWY YEWUETPLWY UE TNV XpRaon

TPLOSLAOCTATWY EKTUTIWTWVY .

H mpooBnkn tou pnxaviopol evioxuvong adpavelag (IAM) oto clotnua otpng KDamper
€XEL EUEPYETIKA amotehéouata otn SUVAULKA amokplon TwV KATAOKELWV o0To medio Ttwv

YOUNAWY GUXVOTHATWV.
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<

Vi.

Vii.

viii.

O TMPOTEWVOUEVOC HUNXOVIOUOG evioxuong adpavelag, DDA aufdvel tnv adpdvela evog
OUOTAMATOS TPOG TNV emBupnTth KatevBuvon kivnong. H kUpla kawotopia tng Statagng

EYKELTAL 0TNV AMAOTNTA TOU CUOTHLATOG.

H epappoyry tou DDA o S0MEG PWVOVIKWY KPUOTAANwY €8elfe T000 BewpnTikd 000 Kal
TEPAUATIKA  avénuévec lwvec efaobevnong, OSivovtag tn Oduvatotnta pelwong Twv

QTOUTAOEWV YLA. LLEYAAEC HALEC.

H evowpdtwon tou evioxut DDA otn cuvtovilopevn HAlo 0KOUOTIKWY UETAUAKWY BEATLWVEL
To €Upog TNC {wvng €€aoBévnong. AplBUNTIKA Kal TELPAUATIKA amoTeAéopata €6y OTL TO
KUPLO LELOVEKTNHA TNG EVOWUATWONG OTOU EVIOXUTN O TOTUKA cuvTovi{opeveg SoUEC elval n

Helwon tou Baboug ¢ lwvng e€ocBévnong.

O TPOKATAPKTIKOG OXEOLAOUOG TIEPLOOIKWY SLATALEWY Yol TNV QVILLETWILON ETLPAVELAKWY
OELOLKWY KUUATWY Baclopévwy oto BEATIwPEVO LETAUALKO e DDA €6elfe OTL PEAALOTIKEG
Slatdéelc umopolv va kataokevaoBoUv Kal va xpnolgorolnBolv yla TNV mnpootacia

SlapOpwWY KATACKEUWV.

H avantuén Satdéewy (m.y. metaopdtwy, mMAwtwyv damédwy, Peudopodwyv KA. ) UE OKOTO
TNV XAUNAOOUXVN AKOUOTIKH HoOvwon Baclopéva oe SOUEC eVIoXUPEVWY e DDA dpwvovikwy
KPUOTOAAWY KOL OKOUOTIKWY HETAUAKWY lval edbiktr, ocuvenwg mepetaipw Slepelivnon

amnatteital mpog TNV kateLBuvon auth.
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