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Abstract

Particle damping is a passive vibration mitigation technique that harnesses the inherent dissipative
properties of granular materials. By strategically incorporating these materials into vibrating structures,
significant energy dissipation can be achieved through particle-particle and particle-wall collisions.
However, the complex interactions between particle properties, cavity geometry, packing arrangement,
and excitation conditions have made it difficult to develop a comprehensive design framework. This
work addresses these challenges through extensive experimental investigations, identifying key design
parameters and their effects on vibration reduction, ultimately establishing a robust framework for
optimizing particle damper performance.

Advancements in particle damping are presented, focusing on overcoming the limitations of conventional
particle dampers made from traditional granular materials (e.g. steel and lead). While these dampers
effectively reduce vibration amplitudes in high-frequency ranges, their performance at low frequencies
is often limited. A significant contribution of this thesis is the development of recycled rubber particle
dampers (RRPDs) made from automotive tire waste. These dampers not only reduce vibrations across
both high- and low-frequency ranges but also minimize additional mass, making them suitable for the
lightweight industry. Additionally, this study examines the impact of polydisperse granular materials
on vibration attenuation, an area underexplored in previous studies. The findings indicate that both
particle size and particle size distribution are critical to optimizing damper efficiency.

Another significant challenge in the field of particle damping is the inadequate kinetic energy generated
by the main structure, which often fails to mobilize the granular particles within the damper. Without
sufficient kinetic energy, the granular materials cannot effectively interact through particle-particle
and particle-wall collisions, limiting the overall damping performance. To overcome this issue, three
innovative passive design variants are introduced in this thesis, namely: the thin wall cavity (TWC), the
thin wall cavity with additional sheets (TWC-AS), and the ring cavity (RC). These designs effectively
introduce additional kinetic energy into the granular materials, enhancing their mobilization and
improving damping performance.

The long-term reliability of particle dampers, particularly under prolonged loading conditions, has
remained largely unexplored. To address this, an extensive durability test was conducted to evaluate
the performance of dampers incorporating rubber granulates under high-amplitude cyclic loading and
varying temperature conditions over an extended period. The results showed that, even after prolonged
exposure to these challenging conditions, the dampers retained their vibration attenuation capabilities.
This demonstrates that rubber granulate-based particle dampers are not only effective in the short
term but are also capable of sustaining performance under long-term loading conditions, making them
a promising solution for real-world engineering applications.

Lastly, this work bridges the gap between laboratory research and industrial applications by testing
the examined design parameters on full-scale structures, such as wind turbine generators, blades,
and electric vehicles. The results show that particle dampers, designed according to the proposed
framework, can be effectively implemented in large-scale engineering systems.

This thesis provides valuable new insights and introduces innovative advancements in particle damping
technology. These developments enhance the efficiency and durability of particle dampers, addressing
key limitations and optimizing their performance. Furthermore, the research offers practical and effective
solutions for applying particle damping in industrial-scale structures, demonstrating its efficiency in
improving the performance and reliability of engineering systems in real-world applications. Through
these contributions, this work significantly advances both the theoretical understanding and practical
implementation of particle damping technology.
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Kurzfassung

Partikeldämpfer stellen ein passives Verfahren zur Reduktion mechanischer Schwingungen dar, dessen Wirkprinzip
auf den dissipativen Eigenschaften granularer Materialien beruht. Durch die gezielte Integration dieser Materiali-
en in schwingungsbeanspruchte Strukturen erfolgt eine effiziente Energiedissipation infolge von Partikel-Partikel-
sowie Partikel-Wand-Kollisionen. Die Entwicklung eines übertragbaren und umfassenden Gestaltungsansatzes
für Partikeldämpfer wird jedoch durch die komplexen Wechselwirkungen zwischen partikelbezogenen Mate-
rialeigenschaften, Kavitätsgeometrie, Packungsdichte und den jeweiligen Anregungsbedingungen erheblich
erschwert. Die vorliegende Arbeit setzt sich mit diesen Herausforderungen auseinander, indem sie auf syste-
matische experimentelle Untersuchungen zurückgreift, zentrale Einflussparameter sowie deren Wirkung auf
die Schwingungsdämpfung herausarbeitet und auf dieser Grundlage ein robustes Optimierungskonzept für die
Auslegung von Partikeldämpfern entwickelt.

Aufbauend auf diesen Grundlagen werden im weiteren Verlauf neue Entwicklungen im Bereich der Partikeldämp-
fer vorgestellt, die darauf abzielen, die Beschränkungen konventioneller Dämpfungskonzepte zu überwinden.
Während herkömmliche Partikeldämpfer zwar eine wirksame Reduktion von Schwingungsamplituden im Hoch-
frequenzbereich ermöglichen, zeigen sich oftmals Defizite hinsichtlich der Dämpfung im Niederfrequenzbereich.
Ein wesentlicher Beitrag dieser Arbeit liegt daher in der Entwicklung gummibasierter Partikeldämpfer (Recycled
Rubber Particle Dampers, RRPDs), die aus Altreifenmaterial gefertigt werden. Diese Dämpfer erlauben eine
effiziente Schwingungsreduktion sowohl im Hoch- als auch im Niederfrequenzbereich, wobei die zusätzliche
Masse gering bleibt – ein entscheidender Vorteil für Leichtbauanwendungen. Ergänzend erfolgt eine Analyse des
Einflusses polydisperser granularer Materialien auf die Schwingungsdämpfung, einem bislang nur unzureichend
adressierten Forschungsaspekt. Die erzielten Ergebnisse verdeutlichen, dass sowohl die absolute Partikelgröße
als auch die Partikelgrößenverteilung maßgebliche Parameter für die Optimierung der Leistungsfähigkeit von
Partikeldämpfern darstellen.

Darüber hinaus wird eine weitere zentrale Herausforderung adressiert, die in der begrenzten Mobilisierung
granularer Partikel liegt. Diese tritt infolge einer unzureichenden kinetischen Energie der Hauptstruktur auf und
reduziert die Effizienz der Schwingungsdämpfung. Zur Lösung dieses Problems werden drei innovative passive
Konstruktionskonzepte vorgestellt: die Dünnwandkavität (Thin-Walled Cavity, TWC), die Dünnwandkavität mit
zusätzlichen Platten (TWC with Additional Sheets, TWC-AS) sowie die Ringkavität (Ring Cavity, RC). Diese
Ansätze verbessern die Energieübertragung auf die Partikel, intensivieren deren Bewegung und steigern dadurch
die Dämpfungsleistung signifikant.

Ein weiterer Schwerpunkt dieser Arbeit liegt auf der Untersuchung der langfristigen Zuverlässigkeit von Partikel-
dämpfern, die bislang nur unzureichend erforscht ist. Zu diesem Zweck wurde ein umfangreicher Dauertest
durchgeführt, bei dem die Leistungsfähigkeit gummigranulatbasierter Partikeldämpfer unter zyklischen Hocham-
plitudenbelastungen sowie variierenden Temperaturbedingungen über einen längeren Zeitraum systematisch
bewertet wurde. Die Ergebnisse zeigen, dass die untersuchten Dämpfer auch nach langandauernder Beanspru-
chung ihre schwingungsdämpfenden Eigenschaften beibehalten. Damit wird nachgewiesen, dass Partikeldämpfer
auf Basis von Gummigranulat nicht nur kurzfristig wirksam sind, sondern auch unter Langzeitbelastung eine sta-
bile Leistungsfähigkeit aufweisen und sich somit als besonders vielversprechende Lösung für ingenieurtechnische
Anwendungen qualifizieren.

Abschließend wird eine Brücke zwischen laborbasierten Untersuchungen und industriellen Anwendungen geschla-
gen, indem die identifizierten Designparameter an großtechnischen Strukturen wie Windturbinen-Generatoren,
Rotorblättern und Elektrofahrzeugen evaluiert werden. Die Ergebnisse belegen, dass Partikeldämpfer, die auf
Grundlage des entwickelten Designrahmens konzipiert wurden, erfolgreich in großskaligen ingenieurtechnischen
Systemen implementierbar sind.

Zusammenfassend generiert diese Dissertation neue wissenschaftliche Erkenntnisse sowie innovative Konzepte zur
Weiterentwicklung der Partikeldämpfertechnologie. Die erzielten Resultate leisten einen Beitrag zur Steigerung
der Effizienz und Langlebigkeit von Partikeldämpfern, indem bestehende Beschränkungen gezielt adressiert und
die Leistungsparameter systematisch optimiert werden. Darüber hinaus werden praxisorientierte Lösungsansätze
für den industriellen Einsatz bereitgestellt, welche die Effektivität der Partikeldämpfung zur Erhöhung der
Leistungsfähigkeit und Zuverlässigkeit technischer Systeme in realen Anwendungen nachweisen. Damit erbringt
die vorliegende Arbeit einen substantiellen Beitrag sowohl zur theoretischen Fundierung als auch zur praktischen
Implementierung der Partikeldämpfertechnologie.
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1 Introduction

This chapter provides an overview of various vibration control techniques, highlighting their applications,
bene�ts, and limitations. It establishes a foundational understanding of methods for reducing unwanted
vibrations in engineering systems. The focus then shifts to particle dampers, o�ering a summary of their
fundamental principles as a specialized vibration control method. Additionally, the chapter outlines the
research motivation, key objectives, and the overall thesis structure, guiding the reader through the
subsequent chapters. The primary goal is to demonstrate the advantages of particle damping over
conventional passive damping techniques while also setting the context and direction for the thesis.

1.1 Vibration control methodologies

Vibrations in structures can arise from various sources, including mechanical forces, environmental
disturbances, and electrical or thermal �uctuations. In many cases, vibrations are unwanted side e�ects
that can compromise system performance, durability, and user comfort. Consequently, mitigating
vibration in the development of mechanical devices or machines is a critical engineering challenge.

A prime example of the challenges posed by vibration is the o�shore wind energy sector. Wave- and
wind-induced vibrations can signi�cantly a�ect the lifespan and e�ciency of turbine components [1].
Similarly, in onshore wind turbines, the rotational motion of the internal components generates vibrations
that propagate throughout the turbine, ultimately resulting in noise pollution within the surrounding
environment. This acoustic output can have detrimental e�ects on human health and well-being,
including sleep disturbances, headaches, and increased stress levels [2�4]. Similarly, vibration and
associated acoustic noise are paramount considerations in vehicle design, consistently ranking among the
top �ve critical attributes along with safety, performance, handling, and fuel e�ciency [5]. Mitigating
vibration and noise in commercial vehicles is essential to improve passenger comfort, driving experience,
and overall vehicle performance [6, 7]. Vibration control is essential not only for large-scale machinery,
but also for delicate components. For example, printed circuit boards in spacecraft can be subjected
to extreme vibrational forces during launch, which can potentially damage electronic components [8].
Increasing global attention is being directed toward the environmental impact of industrial vibrations
and the related acoustic noise, especially in sensitive marine ecosystems. For instance, vibrations and
noise from shipping are recognized as major disturbances, with their e�ects potentially intensi�ed by
climate change. The expanding o�shore wind industry has introduced new vibration and acoustic
challenges, a�ecting marine life [9]. As a result, developing strategies to mitigate and control unwanted
vibrations has become a central challenge and opportunity across multiple industries.

To reduce vibration amplitude in mechanical structures, various control approaches have been developed
over the years. Three main techniques have emerged as widely used for mitigating undesired vibration:
passive, active, and semi-active or hybrid control [10], see Figure 1.1. The choice between passive,
active, or hybrid vibration control techniques depends on several factors, such as the application
area, system requirements, e�ectiveness, economic considerations, and practicality. However, it is
essential to note that each method possesses its strengths and limitations. For instance, active vibration
control is generally employed for controlling low-frequency, whereas the passive damping technique is
highly e�ective in reducing high-frequency vibration [10, 11]. In contrast, hybrid vibration control, or
semi-active vibration control, is designed by merging the strengths and weaknesses of passive and active
vibration control techniques to e�ectively mitigate vibrations across a wide frequency range [10�12].
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1 Introduction 1.1 Vibration control methodologies

Typically, an active vibration control system consists of a coordinated integration of mechanical and
electronic components, managed by a computer or microprocessor. The primary elements include
the primary structure subjected to disturbances, sensors for vibration detection, controllers for signal
processing and control signal generation, and actuators to counteract the disturbance. The system
uses actuators to generate opposing forces, thereby attenuating structural vibration. Based on the
control algorithm employed, active vibration control techniques can be categorized into three primary
groups: feedback, feedforward, and mix control [11], see Figure 1.1. Several experimental studies have
demonstrated the e�ciency of active damping systems that incorporate piezoceramic patch actuators
in reducing the vibration amplitude of �at metal plates [13�15]. Furthermore, in a previous work [16],
a velocity feedback control algorithm was employed to reduce the vibration amplitude of the lid of an
electric drive power electronic subsystem by up to12 dB.

While active control methods have demonstrated e�ectiveness in mitigating vibrations across a wide
range of structures, from simple beams [17] to complex space structures [18], and o�er bene�ts
such as weight reduction and minimal structural sti�ness alteration, their practical implementation
is hindered by several challenges. For instance, piezoelectric materials, commonly employed as
actuators and sensors in these systems, exhibit limitations in terms of reliability, cost, integration, and
power consumption. Moreover, their performance is susceptible to electromagnetic interference and
temperature variations [19]. Practical di�culties also arise during the attachment and installation of
piezoelectric sensors and actuators to host structures, with the adhesive layer being a critical factor [20].

Vibration control

Active
vibration control

Feedback
control

Feedforward
control

Mix
control

Semi-active
vibration control

Hydraulic
dampers

Controllable
�uid dampers

Controllable
friction dampers

Hybrid tuned
mass dampers

Passive
vibration control

Viscoelastic
Material

Tuned
dampers

Friction
devices

Fluid
dampers Isolators

Impact
dampers

Figure 1.1: Classi�cation of vibration control techniques.

Semi-active control has gained signi�cant attention in recent years due to its economic advantages
over active control systems. This is primarily attributed to the lower operational costs associated with
semi-active devices, which do not require high-power actuators. De�ned as passive components with
dynamically adjustable damping properties requiring minimal power input, these devices o�er enhanced
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resilience compared to active counterparts by maintaining functionality in passive mode during power
outages. Control strategies for semi-active systems typically involve adjusting device parameters,
such as ori�ce size in �uid viscous dampers [21], normal force in semi-active friction dampers [22],
or current/voltage in magnetorheological dampers [23]. As depicted in Figure 1.1, the majority of
semi-active devices can be categorized into four primary types: hydraulic dampers, controllable �uid
dampers, controllable friction dampers, and semi-active or hybrid tuned mass dampers [24].

Semi-active vibration control has seen signi�cant advancements in automotive suspension systems [25],
civil engineering structures [26], and aerospace components [27]. However, its practical implementation
is complex and has inherent limitations. Optimal performance depends on sophisticated control
algorithms, which can be a�ected by changes in system parameters and external factors. Variations
in damping and sti�ness due to temperature changes or wear can reduce the e�ectiveness of these
algorithms. Unlike passive systems, semi-active systems require additional components, such as sensors,
actuators, and control units, which increase complexity and cost [26]. This added complexity can
introduce potential failure points, necessitating more frequent maintenance and potentially compromising
system reliability.

Unlike active and semi-active counterparts, passive vibration control systems function autonomously
without external power or control algorithmic intervention. Their inherent cost-e�ciency, low main-
tenance demands, and robust durability render them prime candidates for industrial applications
encompassing automotive [28, 29], aerospace [28], and railway sectors [30]. Fundamentally, these
systems dissipate energy through material-induced forces, �uid viscosity, or friction [31]. As illustrated
in Figure 1.1, passive vibration control strategies can be categorized into six primary types based on
their operational principles: viscoelastic materials, tuned dampers, friction dampers, �uid dampers,
isolators, and impact dampers [32].

Viscoelastic dampers use the unique properties of viscoelastic materials to reduce system vibrations
by dissipating energy through shear deformation as the material deforms with structural motion [33,
34]. They are broadly categorized into three types: free-layer damping, constrained-layer damping, and
tuned viscoelastic dampers [28].

Free-layer damping involves applying a thin viscoelastic layer to one or both sides of a structure, often
using spray or adhesive techniques [35]. Constrained-layer damping, or sandwich-layer damping, places
the viscoelastic material between a �exible base and a rigid constraining layer, enhancing e�ectiveness
due to shear action within the viscoelastic layer [36, 37]. This method often uses materials like
aluminum or steel as constraining layers, making it more e�ective at reducing vibration amplitude than
free-layer methods.

Tuned viscoelastic dampers, which use viscoelastic materials to dissipate energy similarly to tuned mass
dampers, have shown up to2 dB reduction in system response [38]. Comparative studies highlight that
all three methods can reduce vibration by6 � 10 dB in the 200 � 1000Hz range, with constrained-layer
dampers potentially lowering system weight by up to5 kg compared to asphaltic sheets, while free-layer
options o�er cost savings [39]. While constrained-layer dampers o�er the potential for weight reduction
compared to asphaltic sheets, the extent of this reduction is dependent on the design and application.

Applications include automotive window damping using laminated glass, aerospace pipeline vibration
control, computer hardware stabilization, and vibration reduction in carbon �ber wind turbine blades [40�
43].

While viscoelastic dampers have proven e�ective in diverse industries, their dynamic characteristics are
highly sensitive to temperature. In other words, the damping e�ciency of viscoelastic dampers may
decrease when subjected to extremely high or low temperatures. Moreover, the damping performance
of these dampers is dependent on vibration frequency, dynamic load, pre-load, and other environ-
mental conditions such as humidity. Over time, viscoelastic materials are susceptible to degradation,
embrittlement, and disintegration due to outgassing and other processes.
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Unlike viscoelastic dampers, a tuned mass damper (TMD) is a passive device comprising a small mass,
a tuned spring, and a dashpot system attached to a structure. The TMD is speci�cally calibrated to a
target structural frequency, enabling it to resonate out of phase with the structure when that frequency
is excited. This phase opposition facilitates energy dissipation through the inertial forces exerted by
the damper on the structure, thereby reducing vibrational amplitudes [44].

The TMD was �rst applied by Hermann Frahm in1909 to reduce ship hull vibrations and rolling
motion [45], and its theoretical foundation was established by Ormondroyd and Den Hartog in1928[46].
Den Hartog work from1940provided a detailed analysis of TMD tuning and damping parameters [46].
Since then, TMDs have become widely used for vibration, wind-induced oscillation, and noise reduction
in mechanical and civil engineering structures [30, 47]. Notable applications include reducing vibration
in multi-body vehicle models [48], o�shore wind turbines [49], and civil structures globally [50, 51].
However, TMDs face limitations in lightweight mechanical systems due to their increased mass,
mechanical feasibility issues, and sensitivity to frequency variations under dynamic conditions [52].
Additionally, their large relative displacements and need for substantial clearances make them unsuitable
for broadband damping applications [53].

Friction dampers, introduced by Pall et al. [54, 55] in1980, are a passive damping technique that
reduce vibrations by converting kinetic energy into thermal energy through heat generation at the
interface of two contacting surfaces in relative motion [56]. They are robust in harsh environments, do
not require tuning for di�erent excitation frequencies, and can act in multiple directions simultaneously.
Applications include reducing resonant stresses in turbine blades to prevent high-cycle fatigue [57]
and mitigating �exural vibrations in propulsion shafts for ultralight helicopters [58]. Research has also
explored combining friction dampers with other damping techniques. Sanati et al. [59] found that
integrating friction dampers with viscoelastic materials enhanced performance, while Bagheri et al. [60]
demonstrated that friction dampers were more e�ective at reducing base shear but less e�ective in
controlling lateral displacement compared to metallic dampers.

Despite their advantages, friction dampers su�er from reliability concerns due to uncertainties associated
with sliding interfaces [55]. Moreover, their e�ectiveness is limited to lower frequency vibrations and is
contingent upon adequate normal force, friction coe�cient, and material durability. Consequently, their
practical application is restricted by these factors. Additionally, the performance of friction dampers is
susceptible to deterioration arising from alterations in surface conditions.

Fluid dampers utilize the energy-dissipating properties of �uids to convert structural vibrations into heat
through mechanisms such as added mass, �uid resistance, and �uid sloshing. They can be customized
to absorb speci�c vibration frequencies and mitigate sudden shocks [32]. In the automotive industry,
�uid dampers are a common choice for vibration control [61, 62]. For example, Pistek [63] developed
a viscous damper using silicone �uids to reduce vibrations in a V10 diesel engine. These dampers
are also widely employed to mitigate the e�ects of seismic energy on buildings and bridges [64, 65].
While viscous dampers o�er advantages like easy installation, adaptability to various loading conditions,
and low maintenance, they also present challenges, including high initial costs, temperature sensitivity,
leakage, and limited e�ectiveness at low frequencies. Furthermore, �uid dampers are often restricted in
their applications due to their sensitivity to harsh environmental conditions.

Passive vibration isolators represent another approach to vibration control. However, they should not
be classi�ed as dampers, as isolation and damping operate through fundamentally distinct mechanisms.
While isolation aims to prevent the transmission of vibrations, damping focuses on dissipating vibrational
energy. Passive isolators are extensively utilized across diverse industries, from simple rubber feet on
vibrating pumps to advanced base isolation systems designed to mitigate seismic forces. These isolators
typically consist of a resilient support structure (providing sti�ness) and an energy-dissipative element
(o�ering damping). Common materials include elastomers, foam, cork, and steel (springs, pads, cables),
with some materials like elastomers and �berglass providing both sti�ness and damping properties [66].
Applications are extensive, ranging from seismic protection using base isolation systems [67, 68] to
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vibration reduction in automotive components with rubber isolators [69, 70]. Foam isolators enhance
vibration isolation in structures like car seats [71]. While e�ective for high-frequency vibrations, passive
isolators have limitations in low-frequency attenuation and often require signi�cant installation space.

To overcome the limitations of conventional passive damping techniques, particle dampers utilize the
energy dissipation properties of granular materials for vibration attenuation. A particle damper is a
generalized form of an impact damper, where a container allows unrestricted movement of a single
particle. Attached to a vibrating structure, the particle collides with the container walls, transferring
momentum from the primary structure to the impact mass, thus reducing vibration amplitude. Figure 1.2
(left) shows a schematic of an impact damper installed on the end of a cantilever beam.

Paget has demonstrated the e�ectiveness of an impact damper to reduce the vibration amplitude of
a turbine blade [72]. Another successful application of an impact damper is in mitigating vibrations
in a radar antenna structure. To accurately simulate the antenna's fundamental mode, a prototype
was developed. The �ndings conclusively established the signi�cant e�ciency of impact dampers in
vibration attenuation [73]. Impact dampers are also employed to reduce vibration amplitude in boring
tools or drills [74], cable-stayed bridges [75], and slender mill tools [76]. However, the utilization of an
impact damper is constrained due to high levels of noise, impact forces, and sensitivity to excitation
amplitude. Additionally, an impact damper can also cause excessive wear to the contact surfaces.

Wall Impact mass Wall

Beam

Wall Particles Wall

Beam

Figure 1.2:Schematic representation of an impact damper (left) and a particle damper (right) mounted
on the tip of a cantilever beam under dynamic load.

To overcome the limitations of impact dampers, the particle damping technique can be used as an
alternative. This technique involves replacing the single particle in the impact damper with several small
auxiliary masses. Hence, particle dampers can be viewed as a broader or more comprehensive version
of impact dampers. Particle damping technology is variously referred to as granular, acceleration, or
multiple impact damping. For consistency, this thesis will uniformly adopt the term "particle dampers".
It is important to clarify that the term "single-particle damper" is frequently associated with impact
dampers due to their single impact mass. Nevertheless, in this thesis, impact dampers are distinctly
di�erentiated from particle dampers. Consequently, in this thesis, "particle dampers" speci�cally refers
to dampers that utilize more than one particle. Similar to impact dampers, particle dampers can also
be mounted to the vibrating structure, see Figure 1.2 (right).

This section has provided a brief overview of several prevalent passive vibration control techniques,
including viscoelastic dampers, tuned mass dampers, friction dampers, �uid dampers, isolators, and
impact dampers. While the �eld of passive damping is vast and encompasses a wider array of devices,
this section aimed to establish a foundational knowledge of key techniques. It is acknowledged that
metallic dampers and metamaterials represent signi�cant areas of research within passive damping.
Nonetheless, due to the scope of this thesis, a detailed exploration of all passive damping techniques
is beyond the purview of this work. The presented overview serves as a foundational framework for
understanding the fundamental principles of various passive vibration control methods.
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1.2 Introduction to particle damping

Particle damping is a passive vibration mitigation technique that leverages the inherent dissipative
properties of granular materials. Traditionally, particle dampers consist of granular material con�ned
within an enclosure attached to a vibrating structure. An alternative con�guration involves creating
small cavities within the vibrating structure, which can be partially �lled with granular materials [32].
Despite the potential bene�ts of both con�gurations, a standardized design methodology for particle
dampers remains elusive, as most existing approaches are predominantly application-speci�c.

Particle dampers have been classi�ed in diverse manners by various researchers, with some categories
showing similarities across di�erent classi�cations. As an example, Gagnon et al. [77] have classi�ed
particle dampers based on their topology. Lu et al. [78] have categorized variants of particle dampers
into four primary groups, speci�cally: basic traditional particle dampers, con�guration-improved type
particle dampers, material-improved type particle dampers, and combination-type particle dampers.

While there are multiple design variants and approaches for particle dampers, the underlying damping
mechanism remains consistent across each design. Upon experiencing vibrations in the primary structure,
the kinetic energy of the vibrating structure is transferred to the particle damper, initiating collisions
between particles and between particles and cavity walls. Consequently, this process leads to a reduction
in the vibration amplitude of the primary structure. Therefore, the energy dissipation in particle dampers
can be assessed by examining a combination of loss mechanisms. These mechanisms include collisions
between particles and the container walls, collisions between particles, sliding friction among particles,
and rolling friction among particles.

Fowler et al. [79] classi�ed the damping mechanism of a particle damper into two primary categories:
external and internal damping. External mechanisms encompass friction and impact interactions
between the particles and the cavity, while internal mechanisms involve friction and impact interactions
among individual particles. The e�ciency of these mechanisms might �uctuate based on various system
parameters.

Figure 1.3 (left) presents a Discrete Element Method (DEM) model of a particle damper, featuring
spherical particles randomly placed in a box. Once static equilibrium (zero velocity) is achieved,
harmonic motion is applied to excite the system. The colormap indicates particle velocities, with red
representing higher velocities and blue indicating lower velocities. The schematic representation of
the DEM model of a particle damper is shown in Figure 1.3 (right). In this �gure, a box partially
�lled with spherical particles is excited by a harmonic force. The random movement of the particles is
indicated by arrows, and the friction between particle-particle (� p) and particle-wall (� w) interactions
is also depicted.

Particles

� p

Box

Wall

� w

Figure 1.3:(Left) Discrete Element Model (DEM) of a particle damper subjected to harmonic excitation.
(Right) Schematic representation of the DEM model, depicting the random movement of
particles (arrows) and particle-particle/wall interactions.

Furthermore, the dissipation of energy in a particle damper is also contingent on several other factors.
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For example, the choice of granular material in designing a particle damper signi�cantly a�ects its
vibration attenuation capabilities. Additionally, �lling ratios, the quantity, shape, and size of particles,
and the intensity of excitation play a signi�cant role in reducing the vibration amplitude of a structure.
Moreover, particle dampers exhibit highly non-linear behavior. The non-linear behavior can be attributed
to a geometric non-linearity resulting from the alteration in the local packing arrangement of particles.
Typically, a non-linear contact constitutive model is utilized to explain the force-displacement reaction
at the contacts, contributing a material non-linearity to the system. These two sources of non-linearity
at the particle level combine to produce an overall non-linear response of the material at a macro-scale.

Particle dampers have gained attention for their simplicity, low maintenance, and cost-e�ectiveness.
They e�ectively reduce vibrations across a wide frequency range, are reusable, and show minimal
sensitivity to temperature variations depending on the granular material used [77]. Compared to
conventional damping and active control methods, they o�er better weight e�ciency and superior
vibration attenuation [80]. Studies have shown that particle dampers outperform TMDs and active
control systems, particularly in reducing vibrations over a broader frequency spectrum [16, 81].

1.3 Motivation

Particle dampers have emerged as a promising passive vibration control solution, e�ectively dissipating
vibrational energy through particle interactions. Unlike conventional damping mechanisms, they do
not rely on viscoelastic materials or �uid-based systems but instead utilize the dissipative e�ects
of viscoelastic collisions and frictional interactions among granular materials within an enclosed
cavity. These characteristics make particle dampers particularly advantageous in applications where
conventional damping materials may degrade over time, broadband damping is required, or additional
weight and complexity must be minimized. However, despite their potential bene�ts, their widespread
industrial adoption remains limited, primarily due to the lack of a comprehensive design framework
that accounts for real-world constraints and operational conditions.

Existing research on particle dampers has provided valuable insights into their fundamental working
principles and performance characteristics. However, much of this research has been conducted in
controlled laboratory environments, often using simpli�ed structural models and focusing on a limited
range of materials (see Chapter 2). As a result, the applicability of these �ndings to practical engineering
applications remains constrained. One of the primary limitations is the predominant use of high-density
materials, such as steel and tungsten, which, while e�ective in energy dissipation, pose practical
challenges in weight-sensitive applications. Low-density granular materials, which could o�er viable
alternatives, have not been adequately explored. Moreover, the e�ectiveness of particle dampers at
lower vibration frequencies remains a challenge, as the mobilization of particles under such conditions
is often insu�cient to induce the desired level of damping.

Another signi�cant challenge in the design and optimization of particle dampers is ensuring the e�ective
mobilization of granular materials within the damping cavity. Although the vibrational energy of the
main structure can induce particle motion, the degree of mobilization is strongly in�uenced by factors
such as excitation frequency, amplitude, and the physical properties of the granular medium. At lower
frequencies, in particular, the available kinetic energy may be insu�cient to overcome inter-particle
friction and adhesion forces, resulting in suboptimal energy dissipation. To mitigate this limitation,
researchers have investigated semi-active enhancement techniques, such as the use of electromagnetic
�elds to externally manipulate particle movement. However, these approaches introduce additional
complexity, require external power sources, and are often restricted to speci�c material compositions,
limiting their practicality in broader engineering applications. Therefore, developing innovative passive
design strategies that inherently promote particle mobility remains a critical area of research.

Furthermore, the long-term durability of granular materials under repeated cyclic loading remains an
area of concern. The mechanical properties of particles may change over time due to continuous
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collisions, abrasion, and environmental factors such as humidity and temperature �uctuations. While
existing studies have primarily focused on the immediate damping characteristics of particle dampers,
little attention has been given to their performance degradation over prolonged operational periods.
Addressing this gap is crucial for ensuring the reliability and longevity of particle dampers in industrial
applications.

Given these challenges, this thesis aims to advance the state of the art in particle damper technology
by systematically addressing the limitations identi�ed in existing studies. A key objective is to explore
novel materials, including unconventional granular media, that can enhance damper performance while
mitigating the practical limitations associated with high-density materials. Additionally, the research will
investigate the role of particle size distribution, �lling ratios, particle shape, and environmental factors
in in�uencing damping e�ciency. Understanding these parameters will allow for the development of
optimized designs tailored to speci�c engineering applications. Finally, the practical implementation of
particle dampers will be demonstrated in industrial contexts, such as wind turbines and electric drives,
to validate their e�ectiveness in mitigating operational vibration amplitude.

By addressing these key research areas, this study aims to establish a robust and comprehensive
framework for the design and implementation of particle dampers in engineering applications. The
insights gained from this research will contribute to the broader adoption of particle dampers across
multiple industries, fostering the development of more e�cient, reliable, and sustainable vibration
mitigation solutions. Ultimately, the advancement of particle damper technology has the potential to
play a signi�cant role in enhancing the performance and longevity of mechanical systems, reducing
maintenance costs, and promoting safer and more sustainable engineering practices.

1.4 Outline of the dissertation

This thesis comprises thirteen chapters organized into three main parts to systematically investigate
the vibration attenuation properties of particle dampers and develop a robust design framework.

Part 1: Foundation and research gaps (Chapters 1 - 4)

ˆ Introduces the motivation, theoretical background, and identi�es research gaps in particle damper
technology.

Part 2: Experimental investigations at the laboratory scale (Chapters 5 - 10)

ˆ Chapter 5: Experimental analysis of various granular materials, including recycled rubber particle
dampers (RRPDs), hard material particle dampers (HMPDs), and hybrid particle dampers
(HPDs), examining the e�ects of particle size, �lling ratios, and humidity on performance.

ˆ Chapter 6: Optimizes particle damper designs for large hollow structures, proposing three passive
variants, namely: thin wall cavity (TWC), TWC with additional sheets (TWC-AS), and ring
cavity (RC) to enhance vibration mitigation.

ˆ Chapter 7: Evaluates long-term durability under dynamic conditions by subjecting particle
dampers to millions of cycles and temperature variations, assessing performance degradation.

ˆ Chapter 8: Investigates particle dampers on rotating components, using a scaled rotor blade to
examine vibration mitigation across varying rotational speeds.

ˆ Chapter 9: Tests particle damping concepts for vibration control in wind turbine generator
specimens, establishing foundational data for industrial application.

ˆ Chapter 10: Explores three particle damper designs for wind turbine blades through laboratory
testing to identify the optimal approach for industrial scaling.
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Part 3: Industrial implementation (Chapters 11 - 13)

ˆ Chapter 11: Evaluates particle dampers on a commercial wind turbine component, assessing
their real-world applicability.

ˆ Chapter 12: Expands industrial testing to electric drives, bridging lab-to-industry transitions and
demonstrating practical viability.

ˆ Chapter 13: Summarizes �ndings, conclusions, and outlines potential research directions, con-
tributing signi�cantly to the application of particle dampers in complex engineering systems.

This structure facilitates a clear, progressive understanding of particle damper technology from
foundational research to practical applications, ultimately aiming to drive adoption in industrial
contexts.
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This chapter o�ers a comprehensive overview of the current state of the art on particle dampers. It
critically assesses the analytical, numerical, and experimental techniques used to investigate their
behavior, emphasizing their advantages and limitations. The primary objective is to elucidate the
diverse approaches employed to study the design parameters that govern particle damper e�ectiveness
and to explore the various methods used to analyze their damping mechanisms.

2.1 Introduction

In contrast to the well-established theoretical frameworks that exist for conventional dampers, such
as viscoelastic dampers and TMDs, there is currently no universally accepted theory for studying
the behavior of particle dampers. As a result, researchers rely heavily on analytical, numerical, and
experimental approaches to fully understand the dynamic behavior of systems incorporating particle
dampers. Each of these methods o�ers unique insights and plays an important role in the study of
particle dampers. Analytical models, while useful in providing a fundamental understanding of particle
damping behavior, often face limitations that restrict their ability to fully capture the complexities of
the system. As a result, experimental validation becomes necessary to verify the outcomes of these
models. Additionally, numerical simulations emerge as a powerful theoretical tool for gaining deeper
insights into the mechanisms governing particle damping.

This chapter provides a detailed review of the various research methodologies employed in the study of
particle dampers, with particular emphasis on the analytical, numerical, and experimental approaches
found in the literature. Although the primary focus of this thesis is the experimental analysis of particle
damper design parameters, it is important to contextualize the experimental work within the broader
research landscape, where analytical and numerical methods also play signi�cant roles in advancing the
understanding of particle damping mechanisms.

2.2 Analytical method of particle damper

This section provides a critical review of analytical modeling techniques applied to particle dampers.
As highlighted in Section 1.2, the inherently nonlinear energy dissipation characteristics of particle
dampers signi�cantly limit the applicability of analytical methods for design and analysis. Consequently,
their utility is restricted to speci�c and simpli�ed scenarios [78].

Several researchers have developed analytical models for an impact dampers [82�84]. While these
models provide a reasonable estimate for the external friction and impact interaction between particles
and the cavity, they are not well-suited for representing the internal friction and impact interaction
among individual particles.

Fowler et al. [79] utilized an equivalent single degree of freedom (SDOF) dashpot system to model a
beam. They employ a modi�ed version of the Hertz method to quantify the force between colliding
bodies. In cases of oblique impacts, the forces are measured using Coulomb's law. However, the
authors have employed an approach closely resembling the DEM to address the motion of individual
particles.
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Olson [85] has developed a mathematical model to perform analytical evaluations of the particle
damper design. He used a generalized Maxwell model to characterize the viscoelastic behavior of
granular materials. In his model, he considered the normal forces and shear forces as independent
quantities. The validity of the mathematical model is con�rmed through the simulation of laboratory
tests conducted on a cantilevered beam. The theoretical model closely aligns with the experimental
�ndings. However, the model assumes that the enduring contacts exert a more substantial in�uence
on the overall damping compared to oblique impacts. Therefore, the model disregards the shear forces
produced during oblique impacts. Overall, the particle damper model has successfully predicted the
general trend. Nevertheless, there is a tendency to overestimate the degree of attenuation, especially
when handling multi-particle dampers.

Saeki [86] has proposed an analytical model that is based on the DEM for evaluating the e�ectiveness
of a multi-unit particle damper. He has employed the Hertzian contact theory to model the normal
component of the contact forces, while Coulomb's law of friction is utilized to model the tangential
component. Furthermore, to evaluate the behavior of the entire system, integration of the primary
systems equations of motion has been carried out. Moreover, to simplify the analysis, they made the
assumption of uniform behavior for each unit, thereby reducing the analysis to the number of particles
within a single container. The model proposed by Saeki has the capability to simulate the damping
performance of a multi-unit particle damper within a horizontally vibrating system. The e�ectiveness
of the model has been veri�ed by the experimental study, which is equivalent to a SDOF system.

Zalewski et al. [87] have presented a theoretical model for a vibrating granular beam by combining the
classical Euler-Bernoulli beam theory with the Kelvin-Voigt material model. To verify their theoretical
model, they carried out an experimental study on a special granular structure that is comprised of a
steel core and molded material. The molded material gives the beam a rectangular cross-sectional
shape and creates an envelope around the steel core. The space inside the envelope is used to enclose
polypropylene cylindrical grains. They used a vacuum pump to alter the internal pressure of the
structure to modify the elastic and dissipative properties of the system. The suggested rheological
model demonstrates a strong correlation between the experimental and numerical data.

Szmidt et al. [88] has used the experimental and theoretical model of Zalewski et al. [87] to carry out
a forced vibration analysis. The study shows a good agreement between the numerical and analytical
investigations.

Based on the overview above, it becomes evident that analytical models of particle dampers are
uncommon and are restricted to highly idealized scenarios. The complex and non-linear dynamics
arising from particle-particle and particle-wall collisions, characterized by abrupt changes in particle
motion, render analytical solutions intractable for most practical applications. Consequently, while
analytical models can provide valuable insights under speci�c conditions, numerical methods are
indispensable for a theoretical understanding of particle damper behavior. The subsequent section
o�ers a detailed examination of numerical modeling techniques employed in particle damper research.

2.3 Numerical method of particle damper

While this thesis prioritizes an experimental approach, a critical review of existing numerical methods
remains essential. Given the limited availability of analytical solutions for particle dampers, and the fact
that most analytical approaches depend on numerical methods to solve the equations (see Section 2.2),
numerical simulations have become the primary tool for developing a theoretical understanding of the
particle damper concept. Furthermore, by reviewing the numerical approach to designing a particle
damper, it becomes clear which design parameters can be assessed through numerical simulations,
thereby minimizing the need for experimental investigations. Additionally, analyzing numerical modeling
can aid in interpreting and understanding the results of experimental investigations.
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The DEM has emerged as a powerful computational tool for investigating the dynamics of granular
systems across various disciplines, including mining operations [89], mixing and milling processes [90,
91], geotechnical engineering [92, 93], food processing applications [94], and material handling [95].
This method excels at capturing the motion and interactions of individual particles within an assembly.
Recognizing this strength, researchers have increasingly explored the application of DEM to simulate
particle damper systems in the �eld of structural control. Consequently, DEM has gained signi�cant
traction in recent years for investigating the design parameters in�uencing particle damper performance.
Additionally, DEM simulations are being employed to study the energy dissipation mechanisms within
these devices.

Pioneered by Cundall and Strack [96], DEM adopts a Lagrangian approach, explicitly tracking the
time-dependent position of each individual particle within the system. This approach falls under
the category of discontinuum mechanics, focusing on the interactions between discrete bodies. The
core principle of this method lies in the interactions between discrete bodies. A contact detection
algorithm identi�es interactions between particles. Subsequently, contact force laws are applied to
these interactions. These laws typically incorporate spring forces, damping forces, and frictional forces.
By summing the forces and moments acting on each individual particle, the resulting acceleration is
calculated. By numerically integrating the acceleration over a small time step, the updated velocities
of all particles are determined. Subsequently, integrating these velocities yields the new positions of
all particles. The integration is carried out using the central di�erence method with su�ciently small
time steps,� t. It is important to emphasize that the stability of the solution to these equations is
contingent upon the time step being smaller than the critical time step, i.e.,� t � tcrit

1. The updated
positions then in�uence subsequent contact detection, potentially creating new contacts or resolving
existing ones. This iterative process, which includes contact detection, force calculation, and position
update, is fundamental to the DEM simulation cycle.

The numerical studies of a particle damper can be broadly categorized into two groups: analysis of
structure-independent particle dampers and structure-integrated particle dampers [97]. The former
operates independently of any supporting structure, while the latter is either attached to or embedded
within the primary vibrating structure. Instead of "structure-independent particle damper," the term
"non-destructive particle damper" (NOPD) is also commonly used in numerical studies [98, 99].
However, in experimental studies, their characteristics can di�er depending on the test specimen
used to analyze NOPDs. The term NOPD was �rst coined by Panossian [32], who demonstrated
the e�ciency of particle dampers in reducing the high amplitude vibrations of the space shuttle main
engine liquid oxygen inlet tee. To illustrate this, he drilled four1 mm diameter holes inside one of
the liquid oxygen inlet tees and partially �lled it with granular materials of di�erent types. A detailed
account of the author's experimental study and its results will be presented in Section 2.4, which is
dedicated to the experimental review.

One of the primary reasons for choosing structure-independent particle dampers for numerical studies is
that many aspects of particle damper behavior can be analyzed solely with DEM simulations, without
the need to combine DEM with other continuum-based methods like the �nite element method (FEM).
A key area of study involves the relationship between the motion modes of the granular material
and the resulting energy loss within the damper. Another important aspect of investigation is the
in�uence of particle shape on vibration attenuation. By varying the shape of the particles within the
damper, researchers can assess the impact on vibration reduction. Additionally, these dampers are
widely employed to evaluate the overall performance of particle dampers across the amplitude-frequency
domain. However, a major limitation of this approach lies in its representation of the container.
DEM typically assumes a rigid container for the particles, neglecting any potential deformation during

1The selection of the time step is a crucial aspect in DEM simulations. It must be chosen su�ciently small to address
two primary concerns: �rst, to prevent excessive particle overlaps that could lead to unrealistically high interaction
forces, and second, to mitigate the in�uence of disturbance waves, such as Rayleigh waves, which can a�ect the
accuracy of the simulation.

12



2 State of the art in particle dampers 2.3 Numerical method of particle damper

particle-wall interactions. Consequently, container excitation, regardless of particle presence, yields
identical motion. This inherent rigidity restricts the analysis of real-world scenarios, such as the e�ects
of particle impacts on container walls. Furthermore, validating this numerical approach necessitates
alternative experimental studies that di�er slightly from those directly measuring surface velocity or
acceleration levels of the structure, signi�cantly restricting the ability to directly compute vibration
attenuation. Additionally, this approach prevents the analysis of the frequency response of particle
dampers. In DEM, as previously noted, the cavity is treated as perfectly rigid, meaning it undergoes
no deformation. As a result, the frequency response function (FRF) holds no signi�cance, since it
inherently describes the relationship between force and displacement, velocity, or acceleration, all
of which depend on structural deformation. Despite this restriction, the extensive application of
structure-independent dampers in parametric studies highlights their critical role in advancing our
understanding of these devices.

To address the aforementioned limitations, researchers often study integrated particle dampers, which
requires coupling DEM with a continuum-based method, such as FEM [100] or the Multi-Body
dynamics (MBD) [101] approach. This combined approach o�ers signi�cant advantages. It allows for
the simulation of a wider variety of vibration scenarios, providing a more comprehensive understanding of
the damper's behavior under real-world conditions. FEM, in particular, enables the direct simulation of
the container's deformation and surface velocity, o�ering valuable insights into the interaction between
the particles and the structure. Additionally, this approach facilitates the modeling of multi-unit (MU)
dampers or enclosures with multiple cavities, which can be crucial for applications involving complex
geometries.

This review is organized into three sections. The �rst section examines the diverse computational
methods utilized in DEM simulations to quantify energy dissipation within structure-independent
particle dampers (Section 2.3.1). The second section (Section 2.3.2) provides a comprehensive overview
of existing models for structure-independent particle dampers, which are widely utilized to study various
design parameters of particle dampers. The �nal section (Section 2.3.3) explores contemporary research
on coupling methodologies for particle damper design.

2.3.1 Energy dissipation in structure-independent particle dampers

Several methodologies exist for quantifying energy dissipation within DEM simulations. While these
approaches vary in speci�c details, they fundamentally rely on parameters extracted directly from the
simulation data. Typically, these parameters encompass contact forces between particles and boundaries,
as well as particle velocities in both normal and tangential directions. Considering the various methods
for computing energy dissipation, it is crucial to thoroughly understand these techniques before exploring
the impact of di�erent particle damper parameters using DEM simulations.

The complex power method, introduced by Yang et al. [102] in conjunction with DEM simulations,
o�ers a well-established approach for characterizing the loss factor of structure-independent particle
dampers [103]. This approach allows for the indirect quanti�cation of the energy dissipation properties
of the particle damper [99, 103�107]. Furthermore, this method has been widely used for analyzing
motion modes or phases within granular materials, which are known to in�uence the damping behavior
of particle dampers.

Within the complex power method, the computation of energy dissipation relies on the excitation
force applied to the particle damper and the container's resulting velocity. In the context of DEM
simulations, the container's excitation is typically known, allowing for the straightforward computation
of its velocity. For instance, if the structure-independent particle damper undergoes sinusoidal motion
described by

x = X sin (
 t) ; (2.1)
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with amplitude X and angular frequency
 = 2 �f , then the container's velocity can be readily
determined as

_x = V cos (
 t) ; (2.2)

with container velocity amplitudeV = X 
 . The total force driving the system is the combined e�ect
of the container's inertia and the contact forces exerted by the particles on the container walls in the
direction of excitation. Furthermore, in a system undergoing forced harmonic motion, the average
power transmitted through a component can be expressed mathematically as

P =
1
2

FV � : (2.3)

Performing a Fast Fourier Transform (FFT) on the force signal acting on the container wall in the
excitation direction yields the complex amplitudeF . The conjugate complex amplitude (V � ) of the
velocity signal for the particle damper container velocity is obtained through another FFT. The real
part of Eq. (2.3) corresponds to the power dissipated (Pdiss) during a cycle. Additionally, the imaginary
part allows for the extraction of the maximum power (Pmax) stored within a single cycle. Finally, the
damping loss factor, a widely used parameter for quantifying the damping e�ciency of materials, can
be determined using the following equation

� =
Energy dissipated in a cycle per radian

Maximum energy stored in a cycle
=

Pdiss

Pmax
=

Real(P)
Imag(P)

: (2.4)

Building on similar approaches, Chen et al. [108] and Duan et al. [104] explicitly compute energy
dissipation in both normal and tangential directions for particle dampers. Their formulations additionally
account for energy losses due to friction. Energy dissipation (� En) due to normal impact between
particlesi and j can be expressed as

� En =
1
2

mi mj

mi + mj

�
1 � e2

n

�
j� vnj2 ; (2.5)

wheremi andmj represent the masses of thei th andj th particles, respectively, anden is the coe�cient
of restitution. The termvn denotes the relative normal velocity between the particles. Furthermore,
assuming no tangential slip during particle collisions, the dissipated tangential impact energy (� E t )
can be calculated using

� E t =
1
2

mi mj

mi + mj

�
1 � e2

n

�
j� vt j

2 ; (2.6)

vt denotes the relative tangential velocity between the particles. If the applied tangential force exceeds
the maximum static friction force between two contacting particles, relative motion (i.e., slip) will
occur. In this regime, the energy dissipated in the tangential direction becomes non-conservative and
cannot be directly accounted for. Friction introduces a power term with a negative sign, signifying
energy loss. The magnitude of this energy loss due to friction can be determined as follows

� E f = � jFnij � t j ; (2.7)

where,� is the coe�cient of friction betweeni and j . � t denotes the overlap distance between two
contacting particles. Building upon relationships established in Eqs. (2.5) - (2.7), the average power
dissipation over a single vibration period,T, can be expressed as

P =
P

� En +
P

� E t +
P

� E f

T
: (2.8)

Saluena et al. [109, 110] introduced an e�ective damping parameter, denoted bybd, to quantify energy
dissipation in a structure-independent particle damper. This parameter is proportional to the ratio
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between the average energy dissipated per cycle and the average translational kinetic energy of the
entire granular system with total massm. Mathematically, the e�ective damping parameter is de�ned
as

bd =
1
T

R
T Wdiss(t) dt

2
P

n mn
R

T v2
n (t) dt

: (2.9)

However, Saluena et al. [109, 110] do not address the calculation of the average dissipated power
directly from the results of DEM or molecular dynamics simulations.

Pourtavakoli et al. [111], characterized damping performance by the relative energy dissipated per

cycle, represented by the ratio
�

Ediss
Emax

�
. Ediss represents the energy dissipated by the damper in a single

oscillation cycle. This value depends on the oscillation amplitude and can be calculated as

Ediss =
Z

T
_x(t)F (t) dt: (2.10)

Analogous to the complex power method, the termF (t) in Eq. (2.10) is de�ned as the total force
exerted by the particles on the side walls of the damper, acting in the direction parallel to particle
motion. _x(t) represents the particle velocity averaged over a single cycle of periodT. Emax is the
maximum energy dissipation potential per cycle and is estimated assuming inelastic collisions between
all particles and the wall at their maximum relative velocity. It can be computed as

Emax = 4mA 2! 2; (2.11)

where,m represents the total mass of all particles within the granular system.A denotes the oscillation
amplitude of the excitation force, and! signi�es the angular frequency.

The methodologies presented for calculating loss factors in particle dampers have emerged as highly
e�ective and insightful tools for evaluating the impact of various parameters on the damping performance
of these systems. These approaches, which focus on quantifying energy dissipation, have been extensively
utilized in a wide range of studies to investigate how di�erent factors in�uence the behavior and
e�ciency of particle dampers. Among the key parameters examined are the excitation frequency, which
has been explored in studies such as those by Wong et al. [103] and Meyer et al. [106], highlighting
its critical role in determining the dynamic response of particle dampers. Additionally, the shape of
the particles has been also identi�ed as an another signi�cant factor, as demonstrated by Terzioglu et
al. [112], who investigated how variations in particle geometry a�ect energy absorption and damping
characteristics. The quantity of particles within the damper has also been a focal point of research, with
Meyer et al. [106] providing insights into how the number of particles in�uences the overall damping
performance. Furthermore, the inter-particle friction coe�cient, which governs the interactions between
individual particles, has been extensively studied by Wong et al. [103, 113], revealing its importance
in determining the energy dissipation mechanisms within the damper. Lastly, the dimensions of the
enclosing cavity, which houses the particles, have been shown to play a crucial role in the e�ectiveness
of particle dampers, as evidenced by the work of Ito et al. [114], who examined how cavity size and
shape impact the damping behavior.

2.3.2 Review of structure-independent particle dampers

The previous section explored various approaches used to compute energy dissipation in a particle
damper through DEM. It also highlighted that these methodologies have been applied in various
studies to examine the in�uence of di�erent particle damper design parameters. However, their speci�c
impact on damping e�ciency has not been discussed. Therefore, this section reviews existing numerical
studies that employ DEM to analyze structure-independent particle dampers. The focus lies on
investigations that utilize DEM to systematically evaluate how various design parameters, such as
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particle characteristics (shape, size, material), cavity geometry, and vibration mode of granular materials,
in�uence the damping e�ciency of these devices. This emphasis on design parameters is driven by
their direct impact on a particle damper's performance and their crucial role in facilitating the study
and design of such dampers at both laboratory and real-world scales. Discussions on computational
e�ciency are also included. However, this section excludes literature on contact detection algorithms,
contact models, and time step selection. While these aspects are relevant to DEM simulations, they
are considered numerical and mathematical concerns that require a separate approach and thus fall
outside the primary focus of this thesis.

2.3.2.1 Particle shape

Particle shape is a critical parameter in DEM, signi�cantly in�uencing their predictive capabilities.
Accurate representation of particle geometry is essential for reliable results [115]. However, in the
concept of particle dampers, it is unclear whether particle shape a�ects the damping e�ciency.

Sanchez et al. [116] used a two-dimensional, open-source DEM code to investigate how particle
fragmentation and fusion a�ect vibration response. They simulated fragmentation by replacing
hexagonal particles with triangles, �nding it had no impact on damping performance. In contrast, fusion
of square particles into larger ones degraded vibration attenuation. The study also examined particle
shape (triangular, square, hexagonal) and found it did not signi�cantly in�uence vibration attenuation.
While their numerical simulations o�er insights into vibration reduction through fragmentation and
fusion, experimental veri�cation is needed to con�rm the models' validity.

Particle shape's impact on vibration attenuation in particle dampers was also explored by Pourtavakoli
et al. [111] employing a multisphere method to model �ve distinct geometries (rods, squares, rings,
crosses, and L-shapes). To quantify the complexity of these shapes, the authors have utilized four
parameters: aspect ratio, circularity, convexity, and solidity. Damping performance was evaluated using
Eq. (2.10) - (2.11). Their numerical investigations indicated that the critical excitation amplitude,
corresponding to the maximum damping e�ciency, was independent of particle shape. However,
below a certain critical amplitude, in the gas-like regime, spherical particles dissipated energy more
e�ectively than complex-shaped particles of equal mass. In this region, the damper's e�ciency exhibits
a dependence on the shape of the particles.

Terzioglu et al. [112] studied the impact of particle sphericity on granular dampers in the bouncing bed
motional phase, identi�ed as the optimal energy dissipation zone [117]. The bouncing bed phase is
de�ned in Section 2.3.2.3. Using a multi-sphere approach, they created oblate and prolate spheroid
particles by varying the aspect ratio of an ellipse, examining eight di�erent aspect ratios. Their �ndings
showed that particle shape signi�cantly a�ects energy dissipation in granular dampers during the
bouncing bed phase, with both experimental and numerical results showing consistent trends.

Despite the recognized importance of particle shape, research investigating its in�uence on damping
performance remains scarce. This scarcity can be attributed to two primary challenges associated
with incorporating non-spherical particles into DEM simulations. Firstly, modeling complex shapes
presents signi�cant di�culties compared to the simplicity of spheres [118]. Secondly, the computational
cost associated with non-spherical shapes can be substantial. Sinnott et al. [119] demonstrated that
super-quadrics particles can increase computation time by a factor of 2 to 3, with some cases exceeding
10-fold. Similarly, ellipsoidal particles require roughly four times the computational resources compared
to spherical particles [120].

Several methods exist for modeling non-spherical particles, with the multisphere method being a
well-established technique [121, 122]. This method models complex particle shapes by clustering
spheres of various sizes into clumps. Clumps, treated as single entities, allow spheres to overlap and
maintain �xed distances, avoiding internal contact force calculations. They stay unbreakable during
simulations and are compatible with e�cient algorithms for contact detection and interaction points.
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The primary advantage of clumps lies in their compatibility with e�cient algorithms designed for contact
detection and interaction point determination, originally developed for spherical particles. However,
accurately modeling intricate geometries (sharp edges, smooth surfaces) with clumps necessitates a
large number of spheres, consequently increasing computational cost. Any particle shape can be used in
clumps, but non-spherical components reduce computational bene�ts. A major challenge is determining
the optimal number of spheres needed to approximate real particles [123]. Sphere overlap can cause
discrepancies in mass and inertia, and while density adjustments can �x mass issues [122], inertia
discrepancies are harder to correct [124]. Parteli [125] introduced analytical equations to compute the
mass and moment of inertia of intricate particles made with the multisphere method. These equations
apply under the condition that each clump's sphere-sphere overlap involves at most two spheres. The
method entails excluding surplus contributions from sphere intersections to accurately �nd the mass
and moment of inertia of each particle. Besides clumps, ellipsoids are the simplest non-spherical models
used in DEM simulations, with superquadrics and polyhedrons providing additional options for modeling
complex shapes [124].

From the above discussion it can be concluded that the in�uence of particle shape on particle damper
performance has been studied, but accurately modeling realistic particle shapes in DEM simulations
remains challenging. Furthermore, existing literature presents con�icting views on the e�ect of shape,
with Sanchez et al. [116] suggesting minimal in�uence and Pourtavakoli et al. [111] proposing a motion
mode dependent e�ect. However, neither provided experimental validation. Conversely, Terzioglu
et al. [112] demonstrated the importance of shape through combined experimental and numerical
studies. Both Terzioglu et al. [112] and Pourtavakoli et al. [111] highlight the impact of particle shape
on the performance of particle dampers, showing that this e�ect is closely tied to the motion mode
of the particles. However, the studies di�er in identifying the speci�c motion phase where particle
shape plays a signi�cant role. Moreover, considering particle shape during calibration is crucial as it
impacts bulk material properties. Modifying particle shape after calibration requires time-consuming
recalibration [124]. Therefore, the combined challenges of accurately representing particle shapes and
the associated calibration burden limit comprehensive exploration of particle shape e�ects on particle
damper performance using DEM simulations.

2.3.2.2 Numerical parametric analysis

It is well-established that parameters such as material properties, �lling ratios, container geometry, and
excitation levels signi�cantly in�uence the vibration attenuation capabilities of particle dampers. While
the majority of DEM-based research on particle dampers has focused on re�ning contact models for
accurate numerical simulations [126�129], considerable attention has also been devoted to contact
detection algorithms [130, 131]. Although parametric studies are not the primary focus of most DEM
investigations, a substantial body of literature explores the impact of the aforementioned parameters
on particle damper performance. This section provides a comprehensive overview of the current
state-of-the-art in this regard.

Mao et al. [132, 133] conducted numerical simulations on an SDOF system to study particle movement
within a container, concluding that particle damping results from both impact and friction damping.
They tested packing ratios of95%, 50%, and 25%, �nding that the 95% ratio is ine�ective due to
minimal clearance between particles and walls, making friction damping more signi�cant than impact
damping. The25% packing ratio showed the highest damping e�ciency, while energy dissipation
remained constant for the50% and 95% ratios.

Wong et al. [103, 113] investigated the energy dissipation mechanisms in particle dampers using the
DEM and the complex power method. The DEM model is constructed using a Perpex cylinder casing
enclosing steel particles of four varying diameters (3.0 mm, 2.5 mm, 2.0 mm, and 1.5 mm). Through
their simulations, they identify friction as the dominant energy dissipation mechanism within the
studied dampers, based on approximated material parameters. The validity of these numerical �ndings
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is further supported by experimental results. Additionally, the simulations reveal a signi�cant impact of
contact sti�ness (although the experimental sti�ness value remains undetermined) between particles
and damper walls on the power dissipation.

Ito et al. [114] studied how vessel shape (rectangular, pentagonal, semicircular) a�ects vibration
reduction. The semicircular vessel had the lowest ampli�cation ratio, and a compartmentalized
rectangular vessel performed better than a standard one. They also found that more particles improved
vibration attenuation due to reduced clearance between particles and the vessel wall. While the
simulations provided useful insights, experimental veri�cation is needed to con�rm the �ndings.

Lu et al. [134] used DEM simulations to study how di�erent system parameters a�ect a particle damper.
They simulated a container partially �lled with6 mm spherical particles subjected to horizontal harmonic
excitation. They studied the e�ect of material properties on particle damper performance by varying
particle density and found that the damper's performance was minimally a�ected by particle material.
However, several experimental studies have shown that material properties play a signi�cant role in
particle damper performance [7, 8]. Nevertheless, the quantity of particles signi�cantly in�uenced the
damper's behavior. Additionally, higher excitation levels improved damping e�ciency.

Duan et al. [104] used 3D DEM simulations to examine energy dissipation in particle dampers under
vertical excitation. They modeled a cylindrical container with250 stainless steel spheres (1:5 mm
radius) and calculated average loss power using Eq. (2.8), implementing a velocity-dependent restitution
coe�cient. The results showed that energy dissipation depends on the velocity amplitude of the
excitation load. The comparison between the simulation and experimental results indicates a reasonable
quantitative agreement in loss power at higher acceleration levels. However, at lower acceleration, the
discrepancy is signi�cantly larger. Incorporating a velocity-dependent restitution coe�cient improves
the alignment between simulation and experimental results. The authors conclude that DEM can be
used not only for qualitative analysis but also for quantitative analysis, provided the model is su�ciently
accurate.

Meyer et al. [106] investigated the in�uence of particle material on the loss factor of particle dampers
using the complex power method in conjunction with DEM simulations. They employed three distinct
materials for the spherical particles: steel, tungsten, and polypropylene. Their �ndings revealed no
signi�cant impact of these material choices on the loss factor of the damper. To further explore
this aspect, the authors varied the particle density across a wide range (7800 kg

m3 to 900 kg
m3 and

19250 kg
m3 ) and the Young's modulus (210 GPa to 1:1 MPa and1000GPa). These variations also

showed negligible e�ects on the loss factor. These results suggest that, within the scope of this study,
particle material properties may not be a critical factor for optimizing particle damper performance.
Meyer et al. [135] observed similar results regarding particle material properties (Young's modulus and
density) in a separate study investigating di�erent particle con�gurations within the damper.

Luo et al. [136] investigated the e�ects of particle size and �lling ratio on energy dissipation in dampers
using DEM simulations. They computed the energy dissipation mechanism with Eqs. 2.5 - 2.7 and
evaluated four particle sizes:2 mm, 3 mm, 4 mm, and5 mm. They found that energy loss depends on
particle size, with3 mm being optimal. An80% �lling ratio was also identi�ed as best for reducing
vibration amplitude. Experimental studies con�rmed the damper's e�ectiveness, but the study did not
compare experimental and simulation results.

Song et al. [137] conducted both numerical and experimental studies on the e�ect of various particle
damper parameters on vibration reduction. Using a cylindrical cavity (94 mm diameter,80 mm height)
�lled with discrete particles, they evaluated energy dissipation as per Chen et al. [108] and Duan
et al. [104] They tested four materials (lead, steel, glass, and rubber), �nding lead most e�ective
and rubber least e�ective. The study also investigated nine �lling ratios (10% to 90%), with 80%
providing the best vibration reduction. Particle sizes (4 mm, 6 mm, 8 mm, 10 mm, 12 mm) were
tested, with8 mm proving most e�ective. Numerical and experimental results were consistent, though
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a quantitative comparison was not provided, which would enhance the model's validation.

A review of numerical parametric analyses reveals con�icting �ndings regarding the optimal �lling
ratio for particle dampers. For example, Mao et al. [132, 133] reported that a25% �lling ratio yields
the most e�ective vibration attenuation, whereas higher �lling ratios ranging from50% to 95% were
found to be largely ine�ective in reducing vibration amplitude. In contrast, studies conducted by Luo
et al. [136] and Song et al. [137] indicate that an80% �lling ratio provides the highest damping
e�ciency. The discrepancy in �ndings, particularly the deviation observed in the results of Mao et
al. [132, 133], may be attributed to the simpli�cations introduced in their numerical model, which could
have in�uenced the accuracy of their predictions. Another area of discrepancy concerns the in�uence
of material properties on the damping performance of particle dampers. Both Duan et al. [104] and
Meyer et al. [106] have reported that variations in material density have a negligible impact on damping
e�ciency. However, several experimental studies suggest that the choice of material plays a crucial
role in the design and performance of particle dampers. Investigating the role of di�erent granular
materials in particle damper design is also a key focus of this thesis. The divergence observed in
numerical studies may stem from the fact that they primarily account for changes in material density
while neglecting other critical properties, such as viscoelastic behavior, which are typically not directly
incorporated into the DEM simulations.

From the above review it can be concluded that studying the in�uence of parameters such as particle
size, �lling ratio, and material properties on the damping performance of particle dampers presents
signi�cant challenges, as these aspects can only be e�ectively investigated through experimental
methods. In contrast, analyzing the e�ect of parameters such as motion mode is more conveniently
conducted using the DEM rather than experimental approaches. The following section presents a
numerical study focused on the in�uence of motion mode.

2.3.2.3 Motion mode

The motion mode of granular materials constitutes another frequently investigated parameter in
conjunction with structure-independent particle dampers using DEM simulations. Experimental
exploration of the in�uence of particle motion on damper e�ciency presents signi�cant challenges,
thereby necessitating the extensive use of DEM simulations as a valuable tool for these studies. While
a substantial body of research has focused on the granular material's state within the damper, this
topic will be brie�y addressed in this thesis. The motion mode, often termed the state of the granular
material, can exhibit characteristics akin to solids, �uids, or gases under varying conditions. This
section provides a concise review of the literature on how this state a�ects the damping performance
of particles.

Saluena et al. [109, 110] employed molecular dynamics simulations to investigate the motion of granular
materials in partially �lled, two-dimensional containers subjected to horizontal vibrations. Their primary
focus was on the rate of energy dissipation within the particle assembly. The study identi�ed three
distinct motion regimes: solid-like, convective, and gas-like. A signi�cant enhancement in energy
dissipation was observed during the solid-liquid transition phase of the particle bed.

Zhang et al. [98] investigated the link between NOPD damping e�ectiveness and granular bed motion
using DEM. They modeled a cylindrical container (20 � 60 mm2) with 3 mm monodisperse steel
spheres. To characterize energy dissipation, they used the e�ective damping parameter (Eq. 2.9)
in their simulation and found a consistent trend with experimental data. The study concluded that
NOPD's damping e�ectiveness is closely tied to the motion patterns of the granular material, achieving
optimal damping during the transition from the "Leidenfrost state" to the "buoyancy convection state."
The Leidenfrost state involves dense particle clusters suspended above fast-moving particles, while
buoyancy convection combines the Leidenfrost e�ect with convection in suspended granular layers.
The study focused exclusively on �rst-mode vibrations. Building on their previous work, Zhang et
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al. [138] examined the e�ect of particle motion mode on damping e�ciency in a100 mm � 6 mm
� 50 mm container. Noting that container geometry a�ects particle motion modes, they used2000
monodisperse steel spheres (2 mm diameter) and subjected the system to vertical harmonic motion.
Using Eq. 2.9 to characterize damping behavior, they observed six particle motion modes, compared to
seven in their prior study [98]. Consistent with earlier �ndings, the Leidenfrost state provided the best
damping, while the solid-like state had the least. They stress the importance of careful calibration for
contact parameters in DEM to avoid unrealistic damping predictions.

Yin et al. [139] also used DEM to study the e�ect of granular motion modes on the loss factor of
NOPDs. They modeled a closed cylinder with500 steel spheres (3:5 mm diameter) and classi�ed the
motion modes into seven groups: solid-like state, local �uidization, global �uidization, convection,
Leidenfrost e�ect state, buoyancy convection, and bouncing bed, aligning with Zhang et al. [98]
de�nitions. Their study showed that the loss factor varies with excitation intensity and frequency
for each mode. They found that NOPDs achieve optimal damping in the buoyancy convection state.
However, these results are based on numerical simulations, and experimental validation is needed.

Meyer et al. [106] employed DEM to investigate the reduced loss factor of monodisperse particle
dampers. They utilized the complex power method for data analysis, focusing on how various particle
motion modes in�uence vibration attenuation. Their study involved a cubic aluminum box �lled with
550 steel particles of2:5 mm radius. The authors observed distinct motion modes depending on the
intensity of the container's excitation. They found that the bouncing bed mode and the transition
from local to global �uidization resulted in high reduced loss factor values.

It can be concluded that particle motion modes in DEM studies depend on factors like cavity geometry,
excitation direction, frequency, amplitude, and material con�gurations. Various studies have identi�ed
di�erent motion regimes: Saluena et al. [109, 110] found three regimes (solid-like, convective, and
gas-like) in a horizontally vibrated system; Zhang et al. [98] observed seven modes in a vertically excited
3D system and six in a quasi-2D simulation; Meyer et al. [106] identi�ed �ve modes in a horizontally
vibrated cubic container. The optimal damping mode varies across studies. While numerical studies
o�er valuable insights for particle design, experimental validation is lacking. No published work directly
links particle motion mode to damping e�ciency in particle dampers, although some experimental
studies have explored motion patterns in vibrated containers. Eshuis et al. [140] observed eight motion
modes for glass beads in a quasi-2D container, and Ansari et al. [141] found similar results with
monodisperse particles. While the investigation of granular motion under extreme excitation forces,
such as those induced by shaking table tests, o�ers valuable insights, the occurrence of such intense
vibrations in real-world mechanical structures is infrequent. Consequently, it is rare that granular
materials will attain states resembling bouncing bed or gaseous conditions under typical operating
circumstances.

2.3.3 Review of structure-integrated particle damper

Although the DEM has been successful in analyzing particle damper behavior and vibration reduction
mechanisms, current research primarily centers on the dynamics of the particles themselves, often
disregarding their interaction with the impacted mechanical structures. This limitation arises from
DEM's treatment of contact surfaces as massless rigid bodies, hindering the modeling of dynamic
deformation within the mechanical structures. However, the complex interaction between these
structures and the granular material particles signi�cantly in�uences energy dissipation and the overall
e�ectiveness of vibration attenuation. To address this, DEM necessitates integration with other
methods like the FEM or MBD. This section reviews the literature on the combined approach of
coupling DEM with such continuum methods to achieve simultaneous modeling of both particle and
mechanical structural dynamics.
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2.3.3.1 Coupled numerical modeling techniques

Meyer et al. [100] investigated the damping behavior of particle dampers for various eigenfrequencies
of basic structures using a combined DEM and reduced FEM approach. The particle damper design
consists of a cubic aluminum box �lled with steel spheres (5 mm radius) attached to the midpoint
of a free-free beam. To achieve coupling, the FEM captures the movement of the particle box and
transmits it to the DEM model. This excitation allows for calculation of particle interactions and
resulting forces on the container walls. These forces and moments are then transferred back to the
FEM model. The combined accelerations (particle and modal states) are then used to obtain the
complete system's frequency response. The authors achieved good agreement between experiment
and simulation for the system without a particle damper. Introducing particles to the system resulted
in a signi�cant increase in damping, with qualitative agreement between experiment and simulation
observed. However, the most signi�cant discrepancies occurred at high damping values, where the
simulation overestimated the damping e�ect. Their study concludes that a single, optimal particle
damper design for all eigenfrequencies is unlikely. Instead, achieving optimal performance necessitates
a trade-o� between various factors.

Lin et al. [142] employed a coupled DEM and FEM approach to investigate design parameters for
particle dampers aimed at reducing vibration amplitudes in railway tracks caused by wheel-rail contact.
The particle damper, modeled using DEM, consisted of multiple cavities �lled with stainless steel
spheres (5 mm diameter) and was attached to both sides of the FEM-simulated rail track. The study
explored the e�ect of three particle sizes (4 mm, 5 mm, and6 mm) on performance, identifying5 mm
as the optimal size. They further investigated four �lling ratios (10%, 20%, 30%, and 40%) for the
5 mm particles using their coupled simulation approach. The results concluded that a particle damper
with 5 mm particles and a30% �lling ratio achieved the most signi�cant energy dissipation. While
the experimental study veri�ed the simulation for a single resonance frequency, the authors did not
elaborate on the DEM-FEM coupling strategy employed. Additionally, it remains unclear whether the
design of the particle damper cavities was performed using FEM.

Lio et al. [143] investigated the energy dissipation mechanism of a spring-mass-damper-slider system
with a particle damper using a two-way coupled DEM-MBD model. Within this model, the hollow box
is represented by the MBD, while the particles and their interactions with the box are captured by the
DEM. This two-way coupling allows for a dynamic exchange of forces and displacements. Particle-wall
contact forces calculated by DEM a�ect the movement of the hollow box (MBD). Furthermore, hollow
box displacements from MBD are then fed back to DEM as updated boundary conditions for the
particles. The authors validated their numerical model through experimental comparison, demonstrating
reasonable agreement. Their study concludes that the damping e�ect primarily arises from the contact
forces generated during particle-box interactions. These forces act as resistive forces on the hollow
box, dissipating energy and hindering its motion. Additionally, they mentioned that energy loss within
the particles themselves is mainly due to contact friction and damping when struck by the hollow box.

In a recent study by Xia et al. [144], a DEM-FEM coupling strategy was employed to investigate
the e�ectiveness of particle dampers in reducing vibration amplitude within a simpli�ed, scaled-down
model of a satellite load-bearing cylinder. The authors explored the e�ect of four distinct particle
materials (ceramic, iron-based alloy, lead-based alloy, and tungsten-based alloy) on the cylinder's
vibration characteristics. Numerical simulations revealed that iron-based alloy particles exhibited the
most signi�cant reduction in vibration amplitude compared to the other materials tested. Furthermore,
the study examined the impact of particle diameter on vibration attenuation. Iron-based alloy particles
of three di�erent diameters (2 mm, 3 mm, and 4 mm) were investigated. The results indicated
that 3 mm diameter particles were most e�ective in reducing vibration compared to 2 mm and 4
mm counterparts. Additionally, an optimal �lling ratio of80% was identi�ed for maximum vibration
mitigation. To validate the numerical model, experimental studies were conducted. While the trend for
vibration reduction remained consistent between the experimental and numerical results, a signi�cant
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discrepancy in magnitude was observed. The vibration mitigation values obtained from the numerical
model consistently exceeded those measured experimentally. It is noteworthy that the study employed
spherical particles for both the numerical and experimental investigations. Additionally, only iron-based
alloy particles were used in the experimental validation, as this material demonstrated the most
promising results in the DEM-FEM simulations.

2.3.4 Summary and discussion of numerical methods

This review comprehensively examines particle damper modeling techniques, focusing on the DEM
and combined numerical approaches (e.g., DEM-FEM or DEM-MBD). While the reviewed literature
highlights the ability of numerical approaches to provide insightful understanding of particle damper
behavior, it also identi�es several signi�cant challenges associated with these methods.

Particle shape presents a signi�cant challenge in the DEM modeling of particle dampers. While spherical
particles are widely adopted due to their computational e�ciency (as detailed in Section 2.3.2.1),
other geometries, such as clumps, ellipsoids, superquadrics, and polyhedrons, can also be incorporated.
However, these complex shapes present computational di�culties and are consequently less frequently
employed. Furthermore, the available options for non-spherical shapes remain limited, hindering the
ability to accurately represent the diverse particle morphologies encountered in real-world applications.

Particle size presents another substantial challenge for the numerical modeling of particle dampers.
While accurate modeling of particle size might be achievable for laboratory-scale setups with a relatively
small number of particles (as evidenced by the reviewed literature), replicating real-world particle
damper designs or even some laboratory experiments can become computationally intractable due
to the vast number of particles involved. Industrial applications often utilize billions to trillions of
particles, exceeding the capabilities of current computing power and likely remaining infeasible in
the foreseeable future, even considering exponential growth in computational resources [124]. This
limitation arises from the sheer number of particle interactions that need to be simulated, signi�cantly
increasing computational demand and hindering practical implementation.

Calibration of material input parameters remains a critical challenge for DEM simulations of particle
dampers. The reviewed literature often lacks explicit discussion regarding parameter calibration, making
it di�cult to assess the reliability of the modeling results. Natural bulk materials exhibit inherent
variability due to external conditions and geographic location, further complicating the process of
obtaining accurate input values. Calibration can often be the most time-consuming aspect of a DEM
simulation project, and some studies have identi�ed it as the primary obstacle to wider industrial
adoption of DEM for particle dampers.

Interestingly, some DEM simulations reported in the literature suggest that material choice, density,
and Young's modulus have minimal in�uence on particle damper energy dissipation. However, this
thesis will subsequently demonstrate that the selection of granular material plays a critical role in
designing an e�cient particle damper.

Additionally, it has been observed that combined numerical approaches, such as DEM-FEM and
DEM-MBD couplings, o�er advantages over DEM simulations alone. However, these bene�ts come
at the cost of increased computational time. Moreover, coupling strategies inherit all the challenges
associated with DEM modeling, except for the rigidity issue of mechanical structures, which is resolved
in coupled numerical approaches. During the concept development phase of the particle damper
design strategy presented in this thesis (experimentally), it was found that the discretization of the
mechanical structure in FEM modeling should be kept as coarse as possible to reduce computational
time. However, this coarse mesh during the concept design phase can lead to inaccurate results.

While numerical approaches o�er valuable insights into particle damper behavior, their limitations
necessitate complementary experimental studies for a comprehensive understanding. Numerical sim-
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ulations can struggle to fully capture the e�ects of all relevant parameters, particularly for complex
real-world scenarios with a vast number of particles. Therefore, laboratory experiments remain a crucial
tool in developing and validating particle damper designs. These experiments allow researchers to
observe and quantify the behavior of the damper under controlled conditions, bridging the gap between
numerical predictions and real-world applications.

2.4 Experimental approach of particle damper

The review of numerical modeling techniques applied to particle damper design reveals both the
strengths and shortcomings of this approach, underscoring the necessity of complementary experimental
investigations. Section 2.2 and Section 2.3 have demonstrated the limited success of analytical and
numerical methods in predicting particle damper performance and optimizing designs for practical
applications. Consequently, an experimental approach is deemed more promising for advancing the
�eld of particle damper design.

Experimental investigations into particle damper design and energy dissipation can be categorized into
two primary approaches. The �rst involves the study of particle damper parameters using isolated,
structure-independent con�gurations. These experiments often serve as benchmarks for validating
numerical models. However, due to their idealized conditions, including simpli�ed cavity geometry
and particle characteristics, this category of research will not be extensively reviewed in this section.
In contrast, the second approach focuses on evaluating overall damping performance and design
parameters within the context of integrated structural systems. This section will primarily concentrate
on the latter category of experimental studies.

The literature review of the experimental investigations of particle damper design in this thesis is
categorized based on reported application areas, such as aerospace, automotive, and machinery �elds.
Furthermore, several studies have examined the in�uence of various particle damper parameters using
beam- or plate-like structures as primary systems. These investigations often lack a speci�c application
focus, concentrating mainly on parameter analysis at the laboratory scale. This thesis will also include
a review of such studies.

2.4.1 Particle dampers application in aerospace �eld

Panossian [32] has introduced the NOPD concept, which involves the creation of small cavities within
a vibrating structure that can be partially �lled with granular materials. The e�ectiveness of this
concept is demonstrated by reducing the vibration amplitude of a space shuttle main engine liquid
oxygen inlet tee. To design the NOPD he used four di�erent kinds of granular materials, namely:
steel balls, zirconium oxide ceramic balls, nickel powder, and tungsten powder. In order to enclose
these granular materials, Panossian drills four1 mm diameter holes in the liquid oxygen inlet tee
splitter and partially �lls them with steel balls of varying sizes (0:18 mm, 0:28 mm, and0:58 mm),
zirconium oxide ceramic balls (0:25 mm), nickel powder, and tungsten powder. The experimental
results indicate that the tungsten powder exhibits signi�cantly higher vibration attenuation compared
to the other materials. However, it is important to note that the damping performance of these
materials is not straightforward and exhibits slight variations in damping capabilities across di�erent
mode shapes. Notably, the steel balls with a diameter of0:18 mm demonstrate superior vibration
attenuation capabilities at3807Hz and4309 Hz compared to other materials, while the nickel powder
performs better at4257Hz. Therefore, based on these �ndings, the author concludes that the vibration
attenuation achieved through particle dampers is a complex function in�uenced by material properties
and various parameters that need further investigation.

Simonian [145] used the particle damping technique in the aerospace sector, demonstrating its
remarkable damping capability under random vibration conditions. The study shows that particle
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dampers, speci�cally those containing lead shot, are signi�cantly e�cient in reducing the vibration
amplitude compared to conventional passive dampers like viscoelastic materials or viscous �uids.

Michon et al. [146] substituted traditional, heavy solid particles with lighter, hollow ones to enhance the
damping performance of a honeycomb beam while minimizing added mass. Their approach signi�cantly
improved overall damping. However, their experimental honeycomb cantilever beam exhibited no
damping e�ect for its �rst vibration mode when partially �lled with hollow particles. The authors
explored three �lling ratios (50%, 80%, and 100%), determining that80% provided optimal damping
e�ciency. Nevertheless, the study lacks crucial details about the particle shape, size, and the nature of
the granular material, such as whether it was monodisperse or polydisperse.

The particle damper concept has been successfully implemented in the aerospace industry by Veera-
muthuvel et al. [8]. The authors a�xed a square-shaped particle damper capsule onto a printed circuit
board (PCB) that experiences signi�cant vibrations during spacecraft launch. The vibration attenuation
performance of three distinct granular materials, namely tungsten carbide, stainless steel, and aluminum
alloy, was tested in their study. In their experimental studies, they observed that materials with higher
densities exhibit greater damping e�ciency. Furthermore, they conducted a study to examine the
impact of packing ratio on vibration mitigation and found that a packing ratio of60% e�ectively
reduced vibrations for all the materials they studied. In addition, they observed that regardless of the
granular materials used, a packing ratio of100%is not e�ective in reducing the vibration amplitude.

Bustamante et al. [147] investigated the potential of elastomer particles to mitigate vibration in beams
and plates. They employed two elastomer types, A and B, with the latter further categorized by size.
However, the study lacked detailed material and particle characterization. Elastomer A demonstrated
vibration reduction in the30 - 40 Hz range for beams, while Elastomer B exhibited optimal damping
between60 - 90 Hz. Interestingly, a shift in peak damping to80 - 120 Hz was observed, attributed to
the increased sti�ness of Elastomer B compared to Elastomer A and smaller Elastomer B particles.
Similar �ndings were observed for plates, with maximum attenuation reaching24 dB. The damping
performance varied across frequencies, with some peaks experiencing signi�cant reduction, others minor
attenuation, and some remaining una�ected. To assess real-world applications, the authors applied the
particle damper to a scaled aircraft �oor panel comprising a honeycomb aluminum core and epoxy
skins. Sixty evenly spaced dampers signi�cantly reduced vibrations. The particle damper's performance
matched a commercial damping layer, excelling at mid-range frequencies but slightly underperforming
at higher ones.

Ye et al. [148] studied the vibration damping performance of a multi-unit particle damper (MUPD) on
an aluminum alloy bracket structure, a common component in spacecraft, subjected to both harmonic
and random excitation. The MUPD was externally mounted on the top of the bracket. The authors
evaluated the vibration attenuation capabilities of four di�erent granular materials:2:0 mm steel
particles,2:0 mm lead particles,0:048 mm stainless steel powder, and0:5 mm tungsten carbide
powder. Their �ndings revealed that tungsten carbide powder exhibited the most e�ective vibration
damping, followed by stainless steel powder, lead particles, and lastly, steel particles. Additionally, the
study concluded that the cavity's structural design signi�cantly in�uences the damping behavior of the
particle damper.

Xia et al. [144] utilized iron-based alloy particles to design a particle damper for mitigating vibration
amplitude in a simpli�ed, scaled-down model of a satellite load-bearing cylinder. The cylinder comprised
four layers, and the study examined the e�ect of particle damper placement by strategically mounting
four dampers at each layer. Their �ndings revealed that attaching particle dampers to the �rst layer
of the cylinder yielded the most signi�cant reduction in structural vibration amplitude. Notably, this
con�guration achieved substantial vibration attenuation around the resonance frequencies of199:3 Hz,
308:75 Hz, and398:75 Hz.
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2.4.2 Particle dampers application in automotive �eld

Duvigneau et al. [149] demonstrated the e�ectiveness of particle dampers in reducing the vibration
amplitude of an automotive engine oil pan. Their experimental study revealed that using sand with an
average particle size of0:3 mm resulted in a signi�cant reduction in oil pan vibration. The authors
conducted separate measurements of the vibration response when the oil pan was �lled with water and
sand, respectively. This experiment aimed to establish that the primary factor responsible for vibration
attenuation was the particle damping mechanism rather than just the added mass of sand. Additionally,
they have also shown that the addition of sand particles can increase the vibration attenuation of the
oil pan to a certain extent.

Koch et al. [150] extended the research conducted by Duvigneau et al. [149] by introducing a honeycomb
structure to replace the original bottom of the oil pan bottom. This modi�cation allowed them to
investigate the in�uence of granular materials distribution on the vibration behaviour of the system.
Furthermore, the honeycomb bottom has been used to keep the mass of the entire structure �lled
with granular materials either equal to the total mass of the original structure or to make it lighter
than the original mass. Moreover, they have studied the in�uence of three di�erent sizes of sand
particles on the oil pan vibration attenuation. To achieve this, they utilized three di�erent sizes of sand
particles in their investigation. The experimental study reveals that larger sand particles exhibit higher
damping e�ciency. Additionally, the results demonstrate that a larger angle of repose can contribute
to achieving higher damping. Furthermore, they suggest that the optimal placement for the granular
material �lling is the location where the vibration amplitude is higher. The e�ectiveness of this concept
was then demonstrated through testing on a running engine test bench.

Koch et al. [7] have also investigated the vibration attenuation performance of eight di�erent granular
materials, namely: rubber granulate, sand, corundum, glass balls, silicon, gelatin gel, polystyrene, and
glass with two di�erent grain sizes. The experimental studies have shown that the rubber granulate
damping performance is signi�cantly higher in comparison to the other granular materials under
investigation.

Liming et al. [151] explored the use of particle dampers to mitigate cab vibration in mining trucks.
Their study investigated the placement of a particle damper within the driver's seat base. This
implementation achieved a signi�cant reduction in vibration amplitude of the seat base, reaching nearly
30%. The research employed a dual testing approach, utilizing both laboratory and real-world truck
testing. The �ndings revealed a more pronounced e�ect of particle damping technology at higher
engine speeds (2200rpm) compared to lower speeds (750 rpm).

2.4.3 Particle dampers application in machinary �eld

Xu et al. [152] have successfully demonstrated the application of particle damping technique to reduce
the dynamic response of a banknote machine. The authors applied the particle damping technique
to the banknote machine by drilling ten3 mm diameter holes on the machine shaft and completely
�lling them with 0:5 mm diameter tungsten particles. Based on their experimental investigation, the
particle damper exhibits remarkable e�ectiveness within the frequency range of4000-6000Hz, capable
of reducing the vibration amplitude of the primary structure by up to40 dB. Nevertheless, within
the frequency range of0-2000Hz, the tungsten particles exhibit only moderate damping capabilities.
Moreover, a noise reduction of6 dB(A) has been also achieved.

Sims et al. [153] investigated the application of a particle damper for mitigating chatter during
milling operations. The damper was a35 mm diameter,60 mm deep cavity �lled with steel particles
(0:18-0:24 mm). Their results demonstrated a signi�cant enhancement in chatter stability when the
damper was applied to a �exible workpiece. Without the damper, machining with an axial depth of cut
exceeding0:10 mm was generally impossible. In contrast, with the damper, machining at depths of up
to 7:00 mm was achievable. The study concluded that particle dampers can dramatically improve the
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chatter stability of �exible workpieces. Nevertheless, it is evident that predictions based on laboratory
results diverged signi�cantly from the outcomes of the machining trials.

Chan et al. [154] investigated the use of particle dampers to mitigate vibrations in the bond arm
of a die bonding machine. They attached enclosures �lled with tungsten particles to the bond arm
at two distances from its free end and observed a successful reduction in the primary structure's
vibration amplitude. Their study focused on the in�uence of particle size on vibration attenuation. They
found that larger particles provided slightly better damping around430 Hz, although the di�erences
were not substantial. At higher frequencies (1940 Hz and 4550 Hz), the e�ect of particle size
became even less signi�cant. Additionally, the choice of enclosure material played a role. Aluminum
enclosures outperformed hard plastic counterparts when �lled with tungsten particles. Furthermore,
they investigated the optimal positioning of the particle dampers on the bond arm. Their analysis
revealed that the placement should consider the modal amplitude of the structure to achieve maximum
damping at the desired frequency.

Kumar et al. [155] employed copper (2:36 mm and4:75 mm ) and lead (3:2 mm and4:75 mm)
spherical particles to reduce the vibration amplitude in a boring bar. Their �ndings revealed that copper
particles damping e�ciency is signi�cantly higher than the lead particles. Furthermore, they observed
that larger-sized particles were more e�ective for reducing the vibration amplitude of the structure.

Another application of particle dampers to reduce the vibration amplitude from a boring bar has been
investigated by Muthu et al. [156]. Their damper employed1 mm cast iron spherical particles contained
within a cylindrical acrylic casing. The damper was positioned at three di�erent distances from the
boring bar's free end, while particle packing density was varied between25%, 50%, and 75%. Results
demonstrated that a50% packing ratio yielded the most substantial vibration reduction. Interestingly,
the damper's position did not a�ect its damping e�ciency when using the optimal50% packing ratio.

Goehler et al. [157] developed a particle damper by �lling stainless steel hollow spheres with ceramic
powders. To evaluate its performance, they constructed a prototype milling slide using these particle-
�lled spheres instead of traditional steel sheets. Compared to the conventional design, their particle
damper enhanced damping by a factor of �ve, doubled sti�ness, and reduced mass by10%. Nevertheless,
the authors asserted that optimizing the sphere �lling level and slide design to accommodate the unique
properties of the particle-�lled sheets could further elevate the damping capabilities of their hollow
sphere-based particle damper.

Xiao et al. [158] explored the use of a particle damper to reduce vibration amplitude in gear transmissions
under centrifugal forces. Their design employed stainless steel balls (3 mm diameter) housed within
eight drilled holes (15 mm diameter) on the gear surface. Ba�e rings prevented ball loss. The study
revealed a positive correlation between rotational speed and energy dissipation within the damper.
Additionally, they found that �lling ratios below50% were ine�ective in mitigating vibrations. Notably,
the optimal �lling ratio varied with rotational speed, ranging from60%at 300rpm to 80%at 1100rpm.

Jin et al. [159] investigated the use of particle dampers for vibration attenuation in pipelines at a
laboratory scale. They designed and tested dampers containing cast iron balls of three sizes:1 mm,
2 mm, and 3 mm. The study compared the e�ectiveness of single-unit and multi-unit damper
con�gurations. Their �ndings demonstrated that1 mm and2 mm balls o�ered superior vibration
mitigation compared to3 mm balls. Notably, when achieving the optimal particle �lling ratio, the
vibration attenuation performance of both single-unit and multi-unit systems was found to be nearly
equivalent. Furthermore, the authors successfully validated the particle damper concept on an original-
scaled hydraulic power source pipeline.

Particle damper also �nds its application in reducing the vibration amplitude of a tensegrity prism [160].
Furthermore, three di�erent materials are used to design the particle damper. They used steel spheres
with a diameter of7 mm, 3D-printed spheres also7 mm in diameter, and glass spheres with four di�erent
diameters:5 mm, 6 mm, 7 mm, and8 mm for particle damper design. The results indicated that
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smaller particles exhibited a higher vibration attenuation. Comparatively, the vibration attenuation of
glass spheres is notably higher than that of other materials, particularly at higher excitation magnitudes.
Moreover, the 3D-printed spheres demonstrate lower damping capability than glass spheres but still
surpass the damping performance of steel spheres.

Wang et al. [161] have successfully employed a particle damper to reduce the amplitude of pipeline
vibrations. The damping performance of three di�erent materials, namely steel balls, aluminum balls,
and glass balls, was examined. The results indicate that the vibration attenuation capacity of steel
balls signi�cantly surpasses that of aluminum and glass balls. Moreover, they have determined that an
ideal �lling ratio for the design of a particle damper falls within the range of70% -90%. Moreover,
their research has demonstrated that the in�uence of boundary conditions is negligible.

In a recent study by Ye et al. [162], particle dampers were implemented on a scaled model of a container
crane to investigate their e�ectiveness in vibration attenuation. The dampers consisted of chambers
partially �lled with spherical granular materials and attached to the crane structure. The in�uence
of four materials (10 mm diameter) � lead, glass, aluminum, and steel � on vibration reduction was
examined. Results indicated that lead exhibited the most signi�cant reduction in vibration amplitude
compared to the other materials. Furthermore, Ye et al. [162] investigated the e�ect of �lling ratio on
vibration mitigation using steel balls (10 mm diameter) within the damper chambers. They tested four
�lling ratios: 20%, 40%, 60%, and 80%, with an additional test at100%(full chamber). The optimal
vibration suppression e�ect was achieved at a �lling ratio of60%. Additionally, the in�uence of particle
size on vibration attenuation was explored using particles of varying diameters (6 mm, 8 mm, 10 mm,
and 12 mm). The study found a positive correlation between particle size and vibration mitigation,
with larger particles demonstrating a greater reduction in vibration. While the study provides valuable
insights, it mainly focuses on time-acceleration data, lacking analysis of the e�ective frequency range.

2.4.4 Particle dampers application in wind turbine

Stauber et al. [163] has used elastomer particle damper to reduce the vibration amplitude of a wind
turbine tower. They proposed that particles with rough and textured surfaces are bene�cial for energy
dissipation. Through experimental investigations, they demonstrated that particle dampers containing
elastomer particles can substantially reduce vibration amplitude within the frequency ranges of100 Hz
to 600 Hz.

Sandanshiv et al. [164] demonstrated the e�cacy of particle dampers in mitigating vibration amplitudes
within wind turbine blades. The study employed external particle dampers mounted on all three blades,
each containing9 mm steel balls enclosed within a polypropylene container. The authors evaluated
four di�erent damper locations and three rotational speeds (60 rpm, 70 rpm, and80 rpm). Their
�ndings revealed that particle dampers positioned near the blade root o�ered the most signi�cant
vibration attenuation at the lowest rotational speed (60 rpm).

2.4.5 In�uence of various parameters on particle damper performance

Schmidt [165] evaluated the loss factors of �ve materials: dry sand (0.3-1 mm), glass beads (1 mm),
brick fragments (0-10 mm), coal slag (0-15 mm), and iron �lings (3-15 mm). Sand and glass beads,
characterized by uniform, smooth grains, exhibited average loss factors of 0.12 and 0.15, respectively.
Coal slag achieved the highest loss factor of 0.25, though this required a thicker layer (4.0 cm) compared
to the 3.2 cm layers of sand, glass beads, and brick fragments. Notably, coal slag also demonstrated
a loss factor of 0.21 in a thinner layer. Iron �lings (3.5 cm layer) reached a loss factor of 0.14.
These values were measured within the 200-500 Hz frequency range. Contrary to expectations, loss
factors increased below 200 Hz. Additionally, the study revealed that thicker material layers generally
corresponded to lower loss factors.
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Wolf [166] investigated the potential of sand to attenuate vibrations in ceiling, wall, and �oor panels
of a sonic fatigue facility. To conduct experiments, scaled beams were used as models. Sand was
contained in large boxes bolted to the steel beam. Results indicated signi�cant vibration amplitude
reduction at280 Hz, 690 Hz, 1220Hz, and1830Hz. Additionally, a decrease in vibration amplitude
at 40 Hz was observed when six sand-�lled boxes were attached. Furthermore, it has been observed
that the loss factors varied between horizontal and vertical beam orientations. It is important to note
that adding sand increased system weight by30%. Furthermore, inconsistencies in loss factor values
were observed across di�erent measurement techniques and acceleration levels. While some instances
showed agreement, a clear trend remained elusive.

Sun et al. [167] investigated the damping capabilities of sand when applied to plate and beam structures.
Their results showed that increasing sand layer thickness on plates initially reduces vibrations but
exceeding a certain threshold reverses this e�ect. The authors attribute this to the relationship
between sand loss factor and static pressure, as described by Schmidt [165]. This implies that the
loss factor varies with sand layer thickness. For beam-like structures, they observed that the loss
factors were roughly proportional to the amount of sand present. Additionally, they found that the
damping properties of a sand-containing plate are also in�uenced by how the structure is suspended.
For example, they noted that the loss factor decreases when the sand-covered plate is suspended
vertically.

Cempel et al. [168] examined how various arrangements of shot packing a�ect the reduction of
vibrations in an aluminum cylinder. In total, eight di�erent shot-�lling con�gurations were analyzed
and the mass of the shot in each con�guration was kept the same. The study revealed that optimal
and consistent vibration attenuation can be obtained by either randomly dispersing the shots within
the container or densely packing them in a plastic bag. However, the authors fail to provide details
concerning the material composition of the shots. Their focus was solely on the packaging material.

Papalou et al. [169] conducted a study where they designed a particle damper using steel balls and
successfully demonstrated the signi�cant impact of particle size on vibration attenuation. The steel
balls (1:6 mm, 3:2 mm, and12:7 mm) were contained within the cavity formed by four aluminum edge
brackets. One bracket was securely attached to the vibrating plate, while the other three were adjustable,
allowing modi�cations to the particle damper's size. Additionally, the authors have demonstrated
that the correlation between the mass ratio and the vibration response of the system is non-linear.
Interestingly, when the excitation level is high enough to overcome friction forces between the particles,
the vibration response of the system becomes independent of the excitation intensity. However, the
direction of excitation does not impact the performance of particle damping. Additionally, they found
that smaller particle sizes led to decreased in�uence of container size and excitation intensity, expanding
the optimal design space.

Papalou et al. [170] have carried out the above work to investigate the in�uence of a particle damper
when subjected to harmonic excitation at its base. The excitation amplitude remained constant, while
the frequency was varied. The results showed signi�cant vibration attenuation. Additionally, it has
been noted that substituting the solid particle in a single-particle damper (impact damper) with smaller
particles of the same mass yields signi�cant improvement in reducing interface material deterioration,
reducing high noise levels, and making the particle damper less sensitive to container size and excitation
amplitude.

Holkamp et al. [171] have conducted experimental investigations on the damping properties of particle
dampers using a cantilever beam with drilled holes. The study aimed to identify and analyze various
parameters that in�uence the damping e�ciency of particle dampers, focusing on di�erent particle
materials and shapes. Tungsten carbide cobalt, aluminum, titanium, stainless steel, and glass beads
were examined as potential damping materials. The experimental results revealed that steel, tungsten,
and titanium exhibited similar capabilities in reducing the vibration amplitude of the cantilever beam.
Conversely, glass beads exhibited signi�cantly higher vibration attenuation compared to aluminum.
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Furthermore, the in�uence of particle shape on vibration attenuation was found to be negligible.
Additionally, it was observed that increasing the mass of the granular material beyond a certain
threshold did not yield any additional damping e�ects. The in�uence of �lling ratio on damping was
also explored. Six distinct tungsten �lling ratios of45%, 67%, 78%, 89%, 100%, and 111% were
examined. The lattermost was achieved by loosening the set screws. Optimal damping performance
was observed at the �lling ratio of45%. A relatively stable damping response was noted within a range
of 67% to 78% volume fraction. Conversely, damping capacity was signi�cantly reduced at both100%
and 111%volume fractions, irrespective of force amplitude.

Tomlinson et al. [172] employed a particle damper composed of 0.8 mm diameter steel balls to mitigate
the vibration response of a mild steel plate. In their experimental investigation, they utilized a hollow
steel cylinder with varying aspect ratios to construct the particle damper. The study revealed that the
geometry of the particle damper signi�cantly in�uences the vibration attenuation. The main focus of
their studies was to create a particle damper capable of withstanding high temperatures up to 600
degrees Celsius. Additionally, they aimed to e�ectively reduce the vibration amplitude of a discharge
nozzle within the frequency range of 400 Hz to 1000 Hz.

Yang et al. [173] successfully applied a particle damper to mitigate vibration amplitude in a clamped
aluminum beam. Employing200 brass balls (1:6 mm), they constructed the particle damper. Their
�ndings indicate that gap size signi�cantly in�uences the damper's e�cacy. To explore this, they tested
seven gap sizes:0 mm, 0:25 mm, 0:50 mm, 0:75 mm, 1:0 mm, 1:50 mm, and2:0 mm, corresponding
to �lling ratios from 100%(1:0 mm gap) to65% (2:0 mm gap). Results indicated that increasing gap
size enhanced damping e�ciency up to an optimal point, beyond which performance declined.

Nayfeh et al. [174] �lled rectangular box and U-channel beams with 3M glass microbubbles (average
size: 0:065 mm). The box beam's mass increased by2:3%, while the U-channel's increased by3:3%.
For the box beam, damping slightly improved in the �rst two modes but signi�cantly increased in modes
three to six. The �fth mode exhibited pronounced TMD-like behavior with a new mode appearing. The
U-channel beam also showed TMD-like behavior near the fourth mode, minimal damping in the sixth
mode, and moderate damping in higher modes. The authors further investigated the impact of varying
granular material layer thickness from0:0013mm to 0:0009mm, observing TMD-like behavior in the
�fth mode and strong damping in the �rst mode. However, the speci�c placement of the material
within the beams was not detailed in the study.

The signi�cance of particle interface friction in the damping capabilities of a particle damper has
been experimentally investigated by Rongong et al. [175]. To illustrate this, the authors conducted
experiments by mixing light and heavy oil with the particles and then compared their damping e�ciency
with that of dry particles. The results revealed that dry particles can achieve signi�cantly higher
vibration reduction compared to particles mixed with light and heavy oil. Additionally, they employed
an electromagnet to generate magnetic �ux, enabling the alteration of contact forces within the particle
damper. The introduction of a magnetic �eld resulted in a slight enhancement of damping e�ciency.
Furthermore, the paper explores various techniques, such as incorporating a cellular honeycomb structure
within a disk-shaped particle damper and applying a magnetic �eld, as means to modify the static
pressure distribution and further improve the damping capabilities of the particle damper. Additionally,
the study examined the in�uence of particle material on the damping performance of particle dampers.
To this end, steel and lead particles with a diameter of1:6 mm were used. The results indicated a
similar damping trend, leading the authors to conclude that impact behavior is not a primary factor in
particle damper design. However, this contradicts �ndings by Olson [85] and Saeki [86], among others,
who emphasized the crucial role of contact forces generated by particle collisions in reducing vibration
amplitude.

Marhadi et al. [176] investigated the in�uence of particle material and size on the vibration damping of a
cantilever beam. A particle damper was attached to the beam's free end and tested with four spherical
materials: lead, steel, glass, and tungsten carbide spheres, as well as three powder-like materials:
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lead dust, steel dust, and sand. For spherical particles, material choice impacted speci�c damping
capacity with lower particle counts but became less signi�cant as the number increased. Powder-like
materials exhibited similar damping capacities regardless of material. Steel dust damped signi�cantly
less than steel spheres, while lead dust and spheres showed comparable damping. To study particle
count e�ects, glass spheres of 0.5 mm, 1.12 mm, and 3 mm diameter were used. When excitation
amplitude was below the critical level, damping was consistent across particle numbers. However,
with higher excitation, 50 particles showed signi�cantly lower damping compared to 1035 and 11000
particles, which exhibited similar damping.

Zhao et al. [177] investigated the in�uence of particle �lling on the dynamic characteristics of the
NOPD frames through free vibration experiments. The authors have �lled the cavities with sand
particles ranging in size from1:6 mm to 3:15 mm. They employed three distinct particle arrangement
schemes to explore the e�ects of particle �lling ratio and scheme on the frame's damping properties.
Their �ndings revealed a signi�cant increase in damping across all �lling schemes compared to the initial
state, highlighting the substantial impact of particle �lling ratio on structural damping. Interestingly,
they observed a trend where out-of-plane vibration damping increments generally surpassed those for
in-plane vibration under identical particle �lling schemes and ratios. Finally, their study concluded that
the most e�ective strategy to achieve the most signi�cant particle damping e�ect involves placing
particles within cavities of components exhibiting large vibration displacements.

Booty et al. [178] used a suspended steel plate to experimentally investigate the in�uence of various
particle damper parameters on reducing vibration amplitude. Firstly, they demonstrate the superiority
of lead particles over steel counterparts in mitigating vibration amplitude, highlighting the critical
role of material selection. Secondly, they investigate the impact of container material, exposing the
limitations of non-metallic options like rubber balloons and latex bags compared to the e�cacy of
metal containers. Furthermore, their comparative analysis of copper particles (4 mm diameter) and
copper powder forms unveils that copper powder, despite its smaller size, exhibited slightly better
vibration damping. This e�ect was particularly pronounced below1 kHz and in the range between
2:5 kHz and4:5 kHz. These �ndings highlight the complex interplay between particle size, morphology,
and frequency response in vibration damping applications. Finally, the authors explore the in�uence of
particle shape on vibration attenuation, contrasting large, irregular solid particles with machine swarf.
Their �ndings suggest that, for practical applications, prioritizing particles with regular shapes can be
highly advantageous. Additionally, the study conducted a comparative analysis of particle dampers with
viscoelastic damping layers and acoustic black holes. Results indicate that both damping methods are
e�ective at higher frequencies, while particle dampers exhibit superior performance at lower frequencies.
However, the speci�c frequency ranges for these classi�cations were not provided by the authors.

2.4.6 Summary and conclusion of experimental approach

The experimental review in the previous section highlights a diverse range of studies evaluating the
performance of particle dampers under di�erent operating conditions. A summary of these investigations
is provided in Table 2.1 - 2.2. Research has focused on key parameters a�ecting damper e�ciency,
including particle material, size, shape, and �lling ratio, across a range of applications. Despite extensive
research, many studies present con�icting results, making it di�cult to draw universally applicable
conclusions on the optimal design and performance characteristics of particle dampers.

For instance, Michon et al.[146] found that an80% �lling ratio was the most e�ective in reducing
structural vibration. In contrast, Muthu et al.[156] identi�ed50% as the optimal level for maximizing
damping e�ciency in particle dampers. Likewise, Veeramuthuvel et al.[8] determined that a60% �lling
ratio provided the best vibration reduction for a PCB. A similar pattern was noted by Ye et al.[162], who
observed that60% was ideal for minimizing vibrations in a scaled container crane model. Conversely,
Wang et al. [161] reported that the most e�ective range lies between70% and 90%, suggesting that
optimal performance is in�uenced by system-speci�c parameters and operating conditions. These
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varying outcomes may be attributed to di�erences in cavity size, excitation force, and boundary
conditions. Therefore, it is crucial to explore whether optimal �lling ratios can be identi�ed.

Similarly, the choice of granular materials for particle dampers has led to mixed �ndings. Commonly
used substances include steel balls, lead, copper, aluminum, and sand, yet direct comparisons of their
damping e�ectiveness are scarce in most studies. A review of experimental approaches shows that
many investigations have only considered one to three materials when evaluating their impact on
vibration reduction. Notably, Koch et al.[7] and Schmidt[165] examined six and �ve di�erent granular
options, respectively, while Panossian [32] assessed multiple materials, concluding that all contributed
to vibration attenuation, though their e�ciency varied across frequency ranges. This variability has
made it di�cult to determine a universally superior material for damper design. Veeramuthuvel et al.[8]
proposed that denser materials enhance damping performance, a claim reinforced by Ye et al.[162],
who found lead to be considerably more e�ective than steel. They also reported that powder-based
materials outperformed spherical particles in vibration mitigation. Contradicting these observations,
Rongong et al.[175] found no signi�cant di�erence between lead and steel, while Marhadi et al.[176]
noted that the damping ability of powdered materials remained unchanged regardless of composition.
These con�icting results highlight the ongoing uncertainty surrounding the optimal granular material
for particle dampers.

Particle size is another critical parameter in�uencing the performance of particle dampers, and the
review presented above highlights contradictory �ndings in this regard. The size of granular materials
plays a signi�cant role in determining their ability to dissipate vibrational energy, yet there is no clear
consensus on the optimal particle size for achieving maximum damping e�ciency. For example, Kumar
et al. [155] observed that using granular materials with a larger particle size leads to more e�ective
vibration mitigation. However, in direct contrast to these �ndings, Jin et al. [159] reported that
granular materials with larger particle sizes are ine�ective in reducing vibration amplitude.

Additionally, while particle dampers have been proven to e�ectively reduce vibration amplitude in
controlled laboratory experiments, particularly when applied to simpli�ed structures such as beams
and plates, their implementation in full-scale structures under real-world operating conditions remains
limited. Most studies have focused on small-scale experimental setups, where the boundary conditions
and external in�uences can be carefully controlled. In these settings, particle dampers have shown
promising results in terms of vibration mitigation. However, the transition from laboratory-scale
demonstrations to practical applications in complex engineering structures presents several challenges.
One of the key di�culties in scaling up particle dampers lies in their unpredictable behavior under varying
environmental conditions, such as temperature �uctuations, humidity, and dynamic loads encountered
in real-world scenarios. Additionally, the e�ectiveness of particle damping in large structures depends
on factors such as the distribution of particles, the mode shapes of vibration, and the interaction
between the damper and the host structure. These complexities make it challenging to replicate the
success observed in laboratory experiments when applied to industrial machinery, aerospace components,
automotive structures, or civil engineering applications.

From the above discussion it can be concluded that despite their potential, particle dampers still face
signi�cant hurdles in terms of consistent design guidelines and practical application. The inconsistencies
observed in experimental results underscore the need for further research to address these gaps and
develop clearer recommendations for their optimization and use in engineering applications. These
research gaps will be further explored in the next chapter, where a proposed approach to advancing
particle damper technology is discussed.
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3 Research gap analysis and objective setting

The preceding literature review has thoroughly examined di�erent methods for studying particle damper
design parameters. While numerical simulations have been widely explored, their ability to accurately
predict real-world behavior is somewhat limited. Additionally, a thorough examination of experimental
methodologies for particle damper design has been conducted.

Building on these �ndings, this chapter will identify critical research gaps and de�ne the speci�c
objectives of this thesis. Additionally, it will discuss how these gaps have been addressed throughout
the study. This chapter outlines four key research questions that emerged from a thorough review of
the existing literature. Each question is examined in detail within four distinct subsections. However,
it's important to note that these four overarching questions serve as a foundation for addressing several
more speci�c research gaps that will be explored throughout this thesis.

3.1 Particle damper performance limitations due to granular media

Section 2.4 provides a comprehensive analysis of the various granular materials commonly used in
the design of particle dampers, with a particular focus on high-density materials such as steel, lead,
and tungsten. These materials are frequently favored in the design process due to their e�ectiveness
in minimizing vibration amplitudes, as supported by the �ndings presented in Tables 2.1 and 2.2.
In addition to these materials, tungsten powder and sand are also highlighted in the literature for
their vibration-reducing properties. However, despite their e�ectiveness in this regard, the inherently
high density of these materials poses certain limitations, particularly when designing for lightweight
applications where minimizing mass is a critical requirement. Furthermore, while these granular
materials exhibit strong performance in attenuating vibrations at higher frequencies, they are notably
less e�ective when addressing vibrations at lower frequencies. This reduction in e�ciency could be
attributed to the speci�c selection of granular materials in particle damper design, suggesting that
material choice plays a key role in determining the frequency range over which the damper performs
optimally. As such, the study of these materials in the context of both high- and low-frequency
applications remains an important consideration for advancing particle damper technology.

Elastomeric granular materials have shown signi�cant potential for reducing vibrations at lower
frequencies in a range of speci�c applications. Despite their promising capabilities, a notable limitation
in much of the existing research is the absence of comprehensive characterization of the granular
material properties being used. Key attributes, such as the particle size distribution and whether the
particles are monodisperse or polydisperse, are often left unspeci�ed, leaving gaps in understanding
how these materials behave under di�erent conditions. For instance, Stauber et al. [163] implemented
an elastomer particle damper designed to operate within the frequency range of100 to 600 Hz, yet
they did not provide any details regarding the characteristics of the particles themselves. Similarly,
Bustamante et al. [147] utilized elastomer particles to reduce vibrations in beams and plates within a
lower frequency range of30 to 120Hz, but once again, critical information about the particle properties
was not disclosed. Koch et al. [7] also employed rubber particles in their vibration damping studies,
focusing on dampers that were e�ective starting from100Hz, but they, too, did not report the material
properties.

In addition to the lack of detailed particle characterization, another challenge in comparing the �ndings
from various studies is the variability in experimental conditions. Di�erences in the test specimens
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3 Research gap analysis and objective setting 3.1 Granular materials

used, the boundary conditions applied, the excitation amplitudes, and the speci�c frequency ranges
investigated can all in�uence the observed e�ectiveness of elastomeric granular materials in vibration
attenuation. These inconsistencies make it di�cult to draw de�nitive conclusions about the performance
of these materials across di�erent contexts. Therefore, it is essential to take these factors into account
when comparing and interpreting the results from experimental studies to ensure a more accurate
and holistic understanding of the role elastomeric granular materials can play in vibration mitigation.
Addressing these gaps in characterization and experimental parameters will be crucial for advancing the
practical application of elastomer particle dampers across a broader range of industries and conditions.

Additionally, previous research has primarily focused on spherical particles to explore the e�ect of
particle size on vibration attenuation. However, in practical applications, granular materials often have
irregular shapes. Studies investigating the relationship between particle size and vibration reduction
have yielded con�icting �ndings. For example, An et al. [160] reported that smaller glass spheres were
more e�ective at damping vibrations, while Koch et al. [7] found that larger sand particles performed
better. This inconsistency could be attributed to di�erences in the particle types used. An et al. [160]
employed monodisperse particles, whereas Koch et al. [7] used polydisperse materials. Furthermore,
some studies suggest that higher-density granular materials can be e�ective across both high and
low-frequency ranges, depending on the speci�c application. Although particle dampers are generally
considered broadband damping devices, as shown in Tables 2.1 and 2.2, the same material can exhibit
varying e�ective frequency ranges.

The existing literature on particle damper design is constrained by varying and inconsistent �ndings
concerning the most e�ective granular materials and their vibration mitigation properties. This lack of
consensus leads to uncertainty about how factors such as the type of granular material, particle size,
and particle distribution in�uence damper performance, complicating the design of optimized dampers,
particularly for lightweight applications. Additionally, there is a signi�cant gap in comprehensive studies
that systematically compare the vibration attenuation e�ectiveness of di�erent granular materials.

This thesis addresses the identi�ed research gaps through a comprehensive experimental investigation
of granular materials under rigorously controlled conditions, detailed in Chapter 5. This standardized
experimental methodology facilitates direct comparison of the vibration damping characteristics across
diverse materials. Chapter 5 introduces two primary particle damper typologies: recycled rubber particle
dampers (RRPDs) and hard material particle dampers (HMPDs), evaluated for their respective vibration
reduction e�cacy. Recognizing the performance limitations inherent in single-material dampers, this
research further investigates hybrid particle dampers (HPDs) as a novel strategy for enhanced vibration
attenuation. The strategic combination of distinct granular materials within HPDs presents a promising
avenue for improving overall particle damper e�ectiveness across a broader spectrum of applications.

The concept of hybrid particle damper design has been explored in various contexts. For example,
Akbar et al. [179] developed an HPD by integrating a particle impact damper with a Coulomb friction
damper. Meyer [97] explored HPD con�gurations by varying the container material while maintaining
a consistent particle material. Chockalingam et al. [180] designed an HPD for chatter suppression in a
boring bar, employing a mixture of copper and zinc particles. Their �ndings demonstrated superior
chatter reduction performance for the mixed-particle damper compared to single-material (copper or
zinc) con�gurations.

Within the scope of this thesis, an HPD is de�ned as a system incorporating two distinct materials, or
the same material with varying particle size distributions (PSDs), combined in de�ned ratios. While
the use of mixed-material HPDs has been previously investigated, notably by Chockalingam et al. [180],
this area remains relatively underexplored. This scarcity of research underscores the need for a more
comprehensive investigation into the performance of HPDs, utilizing diverse combinations of both
conventional and unconventional granular materials, which forms one of the key focuses of this work.
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3.2 Granular motion enhancement in dampers

Chapter 1 explains that the vibration amplitude of the main structure has a direct e�ect on the kinetic
energy transferred to the granular material within a particle damper. This transfer of energy is critical
for activating the particle-to-particle and particle-to-wall collisions, which are the mechanisms that
enable the particle damper to reduce vibrations e�ectively. However, there are scenarios where the main
structure's vibration may be insu�cient to induce adequate kinetic energy in the granular material,
hindering the damping process of the particle damper. To address this limitation, Rongong et al. [175]
proposed an innovative solution to enhance the performance of particle dampers. Their approach
involved integrating a cellular honeycomb structure with the damper and applying a magnetic �eld to a
disk-shaped particle. This strategy altered the static pressure distribution within the damper, resulting
in improved control of vibrations. While this method o�ers enhanced performance, it is limited by the
requirement for magnetic materials and falls into the category of semi-active vibration control. Unlike
passive dampers, this semi-active approach requires external power and control systems, which adds
complexity but increases the �exibility of the damping process.

It has been widely observed that in most cases, particle dampers are attached externally to vibrating
structures. This external attachment approach has become the common con�guration for damping
vibrations [8, 164, 169]. However, a few researchers have explored the possibility of placing particle
dampers internally by drilling holes into the structure and �lling them with granular materials [32, 152,
158]. While this internal method of drilling holes and partially �lling them with granular substances has
proven highly e�ective in reducing vibrations, it also comes with challenges. The method requires a
comprehensive structural analysis to ensure the integrity and strength of the altered structure are not
compromised by the modi�cations. Interestingly, even when the primary structure is naturally hollow,
the typical approach has still been to mount particle dampers externally. There has been relatively
little exploration of how to utilize the existing hollow space inside such structures for designing particle
dampers. For instance, Jin et al. [159] conducted a study focused on the use of external particle
dampers to reduce vibrations in pipelines, and their research showed considerable success in lowering
vibration amplitudes. Despite these positive results, the external attachment of particle dampers can
introduce additional costs and complexities. These include the design of the cavity to house the
granular materials, the containment system needed to keep those materials in place, and the need for
a reliable connection between the cavity and the main structure. Thus, while external dampers can be
e�ective, they also come with certain drawbacks that merit further investigation into more e�cient
design alternatives.

Although considerable research has been devoted to the design and performance of particle dampers
in small-scale structures, there remains a signi�cant gap in studying their e�ectiveness in reducing
vibrations in large-scale structures. The work of Sandanshiv et al. [164] stands out as one of the few
exceptions, where they conducted a laboratory-scale investigation focusing on wind turbine blades,
each with a length of 1525 mm. Their �ndings suggest that particle dampers hold potential for
e�ectively mitigating vibrations in larger-scale applications, including those involving rotational motion.
Nevertheless, more comprehensive research is needed to fully explore and optimize the performance of
particle dampers in such large-scale settings, ensuring their broader applicability and e�ciency.

To overcome these limitations, there is a pressing need for a passive design approach that can e�ectively
induce kinetic energy into the granular material, thereby enhancing the performance of particle dampers
without the need for external power or control. Additionally, there is a need for a design strategy that
allows the use of particle dampers in large hollow structures while minimizing the added mass of the
granular material. To address these challenges, this thesis proposes three passive design variants: the
Thin-Wall Cavity (TWC), the Thin-Wall Cavity with Additional Sheets (TWC-AS), and the Ring Cavity
(RC) (see chapter 6). These designs aim to increase the relative motion of the granular material,
thereby improving the e�ciency of the particle damper. Notably, the TWC design variant is particularly
suited for integrating particle dampers into large hollow structures, as it can signi�cantly reduce the
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additional mass of the structure.

3.3 Durability of particle dampers

Granular materials inside a particle damper are subjected to dynamic forces throughout their entire
operational life. These persistent stresses can gradually change the characteristics of the granular
media, potentially a�ecting the damper's wear resistance, durability, and overall performance. Because
the e�ectiveness of particle dampers is closely tied to the condition of the materials they contain,
maintaining their long-term performance is becoming more critical. However, a signi�cant challenge
remains in understanding how the vibration attenuation of these materials evolves over time under
varying dynamic loads, which creates uncertainty in ensuring the consistent reliability of these devices
as they are increasingly studied across various �elds of application.

To address this important research gap, an in-depth experimental study has been conducted as part
of this thesis, detailed extensively in Chapter 7. This study was performed in collaboration with an
industrial partner, allowing for a robust investigation that aligns with real-world engineering demands.
The primary focus of this research is to evaluate the vibration reduction capabilities of a particle damper
both prior to and after it has been subjected to prolonged exposure to millions of high-amplitude
dynamic loads and repeated temperature cycling over a period of several months. By simulating these
extreme conditions, the study aims to provide critical insights into the long-term performance, wear
resistance, and overall durability of particle dampers. The �ndings of this investigation are intended
to o�er valuable data that will support the reliable and e�ective application of particle dampers in
practical industrial settings, enhancing their performance under the demanding conditions typically
found in real-world operations.

3.4 Lab to industry transition

The e�ciency of particle dampers is well-documented in small-scale experimental setups. These studies
typically involve simpli�ed models that do not fully capture the complexities of real-world applications.
Laboratory experiments often use controlled conditions to isolate speci�c variables, which, while useful
for fundamental understanding, do not always translate directly to industrial-scale applications. One of
the key reasons why particle dampers have not been widely tested at industrial scales is due to the
highly nonlinear nature of their behavior. The challenges associated with accurately modeling and
predicting the performance of particle dampers stem from their sensitivity to a wide range of design
parameters. Variables such as particle size, distribution, �ll ratio, and the geometry of the damper all
interact in complex ways. This interaction can lead to unpredictable and nonlinear behavior, making it
di�cult to model their e�ciency with precision.

Despite these challenges, there are examples where particle dampers have been successfully applied in
practical applications. For instance, Xu et al. [152] demonstrated the e�ectiveness of particle damping
in reducing the dynamic response of a banknote machine. Similarly, Liming et al. [151] showed how
particle dampers could be used to mitigate vibrations in cab driver seats of mining trucks. Koch et
al. [150] also applied particle damping technique to reduce vibration amplitudes in a combustion engine
test bench. While these successes highlight the potential of particle dampers, it is notable that they
have not yet been widely used in more complex structures, such as wind turbine generators and blades,
on an industrial scale. Another emerging area of interest is the application of particle dampers in
electric vehicles. While electric vehicles are generally quieter than those with internal combustion
engines, they present new challenges in terms of vibration and noise emissions. This raises the question
of whether particle dampers could be similarly e�ective in reducing vibration amplitudes in electric
drives, o�ering a potential solution to these new challenges.
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In this thesis, various design strategies have been developed for both wind turbine generators (as
discussed in Chapter 9) and wind turbine blades (as discussed in Chapter 10) at a laboratory scale.
The concepts introduced in these chapters each have their own distinct advantages and limitations.
After conducting a thorough analysis of all these design strategies, in conjunction with the parameter
studies detailed throughout this thesis (refer to Chapters 5 - 7), a particle damper was also tested on a
wind turbine generator and blade at an industrial scale (refer to Chapter 11). Additionally, the design
parameters explored in this thesis will be applied to an electric drive test bench under real boundary
conditions and loads, with the aim of reducing vibration amplitude (see Chapter 12).
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4 Signal processing for vibration
measurement

Signal processing is an extensive and multidisciplinary �eld that spans across a wide array of applications
in di�erent industries, each adopting specialized methodologies that are tailored to meet their unique
requirements. Despite the diverse approaches utilized in these �elds, there exist certain fundamental
principles of signal processing that remain universally applicable and serve as the foundational concepts
that underpin numerous applications. These core principles provide the essential framework for
understanding and analyzing signals, whether in the context of communication, audio processing, or
vibration analysis, among many others.

This chapter is dedicated to exploring these core principles, with a particular emphasis on their relevance
to experimental vibration analysis, a key area of focus in this thesis. While a thorough examination of
the theoretical foundations of signal processing is not within the scope of this work, the discussion will
focus on the key concepts that are most pertinent to the objectives of this thesis. These concepts
are not only vital for a deeper understanding of the signal processing techniques employed in the
experimental studies but also serve as the basis for the implementation and interpretation of the results
presented throughout this thesis.

4.1 Fourier analysis

Fourier analysis provides a framework for decomposing arbitrary functions into a sum of sinusoidal
components with distinct frequencies. This decomposition can be achieved through two primary
methods, namely: Fourier series and Fourier transform.

In general, Fourier series and Fourier transform are typically applied to continuous functions. However,
since digital computers cannot process signals in continuous time, it becomes necessary to approximate
the Fourier transform using discrete data points. This is where the discrete Fourier transform (DFT)
comes into play, o�ering a practical method for the numerical approximation and computation of
analog signals. Despite its utility, the DFT is computationally intensive for large datasets, as it requires
O(n2) operations due to the multiplication by a densen � n matrix (see Section 4.1.3). To overcome
this challenge, James W. Cooley and John W. Tukey introduced the fast Fourier transform (FFT),
an e�cient algorithm for computing the DFT [181] (see Section 4.1.4). This section provides a
concise overview of Fourier series, Fourier transform, DFT, and FFT, emphasizing their crucial roles in
experimental vibration analysis.

4.1.1 Fourier series

Consider a functionf : R ! R that exhibits periodicity over the interval[� L; L ], whereL represents
the period. This periodicity implies that for any real numberx, the function satis�es the property
f (x) = f (x + L). Fourier's theorem asserts that such a functionf (x) can be expressed as the series,
known as the Fourier series [181�183]
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For a �xed integern � 1, the orthogonality relations ensure that within the �rst summation on the
right-hand side of Eq. (4.2), only the term corresponding tom = n remains non-zero. As a result, this
simpli�es the expression to yield the coe�cientan
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The orthogonality relations additionally imply that
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Drawing upon the relation given in Eq. (4.5), the following expression fora0 can be obtained
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1
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f (x) dx: (4.6)

Algebraic manipulations involving trigonometric sums, as shown in Eq. (4.1), are greatly simpli�ed by
adopting complex exponential notation to represent sine and cosine functions. Accordingly, it is natural
to utilize Euler's identity to reformulate a Fourier series in its complex form, incorporating complex
coe�cients. Euler's identity for sine and cosine is expressed as follows forz 2 C
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eiz + e� iz

2
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: (4.7)
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Substituting Eq. (4.8) in Eq. (4.1) yields
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To simplify Eq. (4.9), a new variable is introduced. This variable is de�ned to represent the combined
expression within parentheses. Furthermore, the constant term( a0

2 ) is denoted asc0. This leads to
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Then Eq. (4.9) can be formulated as
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Note that the negative frequency terms (c� m ) are introduced so that
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Therefore, for a functionf : R ! R, periodic over the interval[� L; L ] (whereL is the length of
period), the Fourier series in complex exponential form can be expressed as
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wherecm is the Fourier coe�cient and can be computed by plugging Eq. (4.10) in Eq. (4.3) and
Eq. (4.4)
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Using Eq. (4.7) in Eq. (4.14) gives
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Thus, the complex valued Fourier coe�cients are given by

cm =
1

2L
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f (x)e

� im�x
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4.1.2 Fourier transforms

The Fourier series discussed so far applies to periodic functions. However, it can be extended to
aperiodic functions by initially considering the function over a �nite interval,[� L; L ], and then allowing
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L ! 1 . This approach is intuitive, as an aperiodic function can be viewed as one that repeats only at
in�nity, e�ectively meaning it does not repeat at all [184].

In vibration analysis, signals are typically measured in the time domain. Therefore, if the Fourier series
has a period of2T, then Eq. (4.13) and Eq. (4.16) can be expressed as
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cm eim �
T t : (4.17)
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Eq. (4.18) can be expressed as
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As T ! 1 , the fundamental frequency! 0 = 2�
T approaches zero, causing the discrete quantitym! 0

to become continuous and capable of assuming any real value, given thatm spans the range�1 . To
accommodate this transition, a new variable! = m! 0 is introduced andF (! ) = 2 T cm is de�ned.
Substituting these expressions into Eq. (4.19)results in the analysis equation for the Fourier Transform,
also known as the Forward Fourier Transform.

F (! ) = F (f (t)) :=
Z 1

�1
f (t)e� i!t dt: (4.20)

Similarly, the Inverse Fourier Transform can be derived. AsT ! 1 , the relation 1
T = ! 0

2� holds. Given
that ! 0 becomes negligibly small for largeT, it can be replaced by the di�erential quantityd! . As in
the previous derivation,! = m! 0 and F (! ) = 2 T cm is set. By substituting these expressions and
replacing the summation with an integral, the Inverse Fourier Transform is obtained.
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4.1.3 Discrete Fourier transform (DFT)

The DFT is a discrete analogue of the continuous Fourier transform, tailored for signals represented by
a �nite sequence ofN samples. Consider a continuous-time signalf (t). When sampled at regular
intervals ofTs seconds, a discrete-time sequencef [n] is obtained, wheren = 0 ; 1; � � � ; N � 1. The
Fourier Transform off (t) is given by Eq. (4.20). However, since we only have the discrete samples
f [n], the integral in Eq. (4.20) is approximated by a summation, leading to the DFT [185]
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wherew = e� i 2�
N . Eq. (4.22) represent the DFT of the sequencef [k] denoted byF [n] and expanding

Eq. (4.23) yields the following expression

F [0] = f [0]1 + f [1]1 + f [2]1 + f [3]1 + � � � + f [N � 1]1
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(4.24)

The system of equations can be more concisely represented in matrix form as follows
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Each row of theN � N matrix w requiresN complex multiplications andN � 1 complex additions
to compute its dot product with theN � 1 column vectorf [k]. Consequently, the entire matrix
multiplication involvesO(N 2) complex multiplications andN (N � 1) complex additions. For large
values ofN , this computational complexity renders DFT operations computationally intensive, even on
high-performance computing systems.

4.1.4 Fast Fourier transform (FFT)

The development of FFT algorithms is primarily motivated by the goal of reducing computational time
required for the DFT. FFTs are designed to e�ciently perform the DFT, especially for highly composite
transform lengthsN . Numerous FFT variations exist, including the Cooley-Tukey FFT algorithm,
prime factor FFT algorithm, Bruun's FFT algorithm, Bluestein's FFT algorithm, and Goertzel's FFT
algorithm, among others. While a comprehensive discussion of each is beyond the scope of this thesis,
this section will demonstrate the twiddle factor algorithm, introduced by Gentleman and Sande in1966,
to illustrate the computational advantage of FFT over the DFT. This concept is also used in other
FFT algorithms, such as the Cooley-Tukey algorithm [181].

The periodicity of the twiddle factor enables the combination of terms, e�ectively reducing the number
of computationally intensive multiplication steps needed for a speci�ed number of samples. As previously
shown, the standard DFT formulation withN values necessitatesO(N 2) multiplications. In contrast,
the FFT requires onlyO(Nlog2(N )) multiplications [181].

To illustrate the computational e�ciency of the twiddle factor algorithm, consider the case where
N = 4 . EachF [n] values can then be computed using Eq. (4.23)

F [n] =
3X

k=0

f [k]wnk : (4.26)

WhenN = 4 , the standard DFT requires a total of16 multiplications. However, by expressing the
transformation as a summation in Eq. (4.26), the computation can be e�ciently divided into separate
odd and even components
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The second twiddle factor can be decomposed into two distinct components

w(2
 +1) k = w2
k wk : (4.28)

expanding the summation notation forF [0] through F [3] and simplifying the resulting expression, we
get

F [0] = f [0]w0 + f [2]w0 + f [1]w0w0 + f [3]w0w0

F [1] = f [0]w0 + f [2]w2 + f [1]w1w0 + f [3]w1w2

F [2] = f [0]w0 + f [2]w4 + f [1]w2w0 + f [3]w2w4

F [3] = f [0]w0 + f [1]w6 + f [1]w3w0 + f [3]w3w6:

(4.29)

An analysis of Eq. (4.29) demonstrates that the proposed algorithm necessitates12 multiplication
operations, representing a decrease from the16 required by the DFT. While this �gure remains higher
than the idealO(Nlog2(N )) multiplication, careful consideration of the repeated multiplications
inherent to the equation reduces the actual operation count to8 for the 4-point problem. As a result,
the computational burden of the FFT is roughly halved compared to the DFT [185].

4.2 Signal averaging

Signal averaging is an essential technique in signal processing, designed to enhance the signal-to-noise
ratio (SNR) by diminishing unwanted noise within a signal. This technique is based on the principle
that, while the true signal remains constant, random noise components tend to cancel each other out
when averaged over time or across multiple measurements. As a result, the averaging process enhances
the signal, increasing its prominence and facilitating detection.

Signal averaging relies on four key assumptions regarding the signal and noise characteristics. Firstly,
the signal and noise components must be uncorrelated. Secondly, accurate temporal alignment of
each signal waveform is essential. Thirdly, the noise must be truly random, characterized by a zero
mean and a statistical distribution. Finally, a consistent signal component must be present in repeated
measurements to enable e�ective averaging [186, 187].

A widely employed approach to noise attenuation is the application of conventional �ltering to restrict
the bandwidth of monitoring instruments. If the instrument's bandwidth surpasses that of the desired
signals, the excess bandwidth solely contributes to increased noise and can be discarded without
incurring any signal loss. Nevertheless, �ltering becomes inadequate when signal and noise components
coexist within the same frequency band [186].

An input waveformf (t) is considered, consisting of a signal componentS(t) and a noise component
N (t). Let the n-th repetition of S(t) begin at timetn , then the input signal can be then expressed
as [186, 187]

f (t) = S(t) + N (t): (4.30)

If a sample off (t) is taken at intervals ofT seconds, then the value of any sample point at thei -th
time instance is given by the sum of the signal and noise components

44



4 Signal processing for vibration measurement 4.3 Sampling theorem

f (tn + iT ) = S(tn + iT ) + N (tn + iT ) = S(iT ) + N (tn + iT ): (4.31)

For a giveni and n, N (tn + iT ) is treated as a random variable. It is resonable to assu me that all
N (tn + iT ) values have a mean of zero and an identical root mean square (RMS) value, denoted as� .
For di�erent values ofn, the noise samples are generally statistically independent. Now, consider the
i -th sample point, where the SNR for any speci�c repetition is given by

SNR =
S(iT )

�
: (4.32)

After m repetitions, the value recorded at thej -th memory location is

mX

n=1

f (tn + iT ) =
mX

n=1

S(iT ) +
mX

n=1

N (tn + iT ): (4.33)

For the i -th sample point, the signal component remains consistent across each repetition, provided
that the signal is table and the sweeps are perfectly aligned. In this case the signal component can be
written as

mX

n=1

S(iT ) = mS(iT ): (4.34)

Following multiple repetitions, the noise component of the input signal exhibits an RMS value of� .
Then, the noise component can be written as

mX

n=1

N (tn + iT ) =
p

m� 2 =
p

m�: (4.35)

The SNR afterm repetitions is obtained by taking the ratio of Eq. (4.34) and Eq. (4.35) and applying
Eq. (4.32)

(SNR)m =
mS(iT )
p

m�
=

p
m SNR: (4.36)

Thus, from the above equation, it is evident that signal averaging enhances the SNR by a factor ofp
m.

As recommended by Trimble [186], a two-pronged approach involving conventional bandpass �ltering
and signal averaging is adopted to e�ectively reduce noise in the signal. Bandpass �ltering serves to
improve the input SNR, thereby decreasing the required averaging time. Therefore, both bandpass
�ltering and signal averaging are implemented throughout this thesis to suppress noise and improve
signal clarity.

4.3 Sampling theorem

The precise measurement of vibrations relies on the process of converting analog, continuous signals
into digital, discrete forms. This conversion is fundamentally governed by the principles outlined in the
sampling theorem, a critical theoretical framework in signal processing. The theorem establishes the
conditions under which a continuous signal can be accurately reconstructed from its discrete samples,
ensuring �delity in the representation of the original signal during digital processing. While Nyquist
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initially proposed this theorem in1928, it was Shannon's1949work that popularized and clari�ed its
signi�cance, making it a cornerstone of signal processing and vibration analysis [188, 189].

The Nyquist theorem provides a framework for sampling a signal or waveform without any loss of
information. Consider a bandlimited signalf (t), where "bandlimited" implies that the Fourier transform
of f (t) is restricted to frequencies below a maximum valuef max [190]

jF (! )j = 0 8 jf j > f max (4.37)

The Nyquist-Shannon sampling theorem stipulates that a continuous-time signal can be perfectly
reconstructed from its discrete samples if the sampling rate,f s, exceeds twice the maximum frequency
component,f max, present in the signal

f s > 2 � f max: (4.38)

If the condition in Eq. (4.38) is met, no information is lost during the sampling process, and the
original signal can, in theory, be perfectly reconstructed from the sampled data. Alternatively, a Nyquist
frequency,f N, can be de�ned based on a given sampling frequency,f s [191]

f N =
f s

2
: (4.39)

Any signal components with frequencies exceeding the Nyquist frequency will be aliased during the
sampling process, leading to irreversible information loss. Such signals are termed undersampled.
Conversely, if a signal is strictly bandlimited to frequencies below the Nyquist frequency, it can be
perfectly reconstructed from its samples, and the sampling rate is considered oversampled. When a
signal is bandlimited to the Nyquist frequency, it is said to be critically sampled.

4.4 Window function

The DFT relies on two fundamental assumptions, namely: periodicity of the sampled data and band-
limited continuity. While the former is inherent to the DFT, the latter is often violated in practical
applications. This violation, characterized by discontinuities in the time-domain signal, leads to the
introduction of spurious harmonic frequencies in the frequency domain, a phenomenon known as
spectral leakage. To mitigate the adverse e�ects of spectral leakage, window functions can be employed.
These functions gradually taper the signal's amplitude towards zero at both ends, thereby reducing the
abrupt discontinuities and minimizing the generation of spurious frequencies [192].

When a signalf (t) is subjected to windowing, it is multiplied by a window functionW (t), yielding a
windowed signalf W (t) in the time domain, expressed as [193]

f W (t) = W (t)f (t): (4.40)

In the frequency domain, the described signal windowing corresponds to a convolution between the
Fourier transform of the window function and the Fourier transform of the signal [193]

FW (! ) = W (! ) 
 F (! ): (4.41)

However, this convolution results in two primary e�ects, de�ned by the window function's spectrum: the
main lobe and the side lobes. The main lobe, the dominant part of the spectrum, has a width inversely
related to the time-domain window width. A narrower main lobe enhances frequency resolution, while a
wider window leads to this narrowing. Side lobes, smaller peaks away from the main lobe, cause spectral
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leakage by introducing spurious frequency components that distort the signal. Window functions aim
to minimize side lobe amplitude to reduce leakage and improve frequency accuracy. However, reducing
side lobes often widens the main lobe, lowering frequency resolution. Thus, selecting an appropriate
window function requires balancing frequency resolution with spectral leakage minimization.

Various window functions can be applied depending on the characteristics of the signal being analyzed.
In this study, structural dynamics measurements were primarily conducted using the Polytec Laser
Scanning Vibrometer (LSV), which o�ers seven window function options: rectangular, Hanning (Hann),
Hamming, Blackman-Harris, Bartlett, �at top, and exponential. Selecting an appropriate window
function is a non-trivial task, as each has distinct characteristics and is suited to speci�c applications.
Generally, the Hanning window is suitable for approximately95% of cases due to its favorable balance
between frequency resolution and reduced spectral leakage. When the signal's nature is unknown, the
Hanning window is a recommended starting point [194]. In this thesis, the Hanning window has been
predominantly utilized in the experimental studies. However, several other window functions were also
tested. The �ndings consistently indicate that the Hanning window is well-suited for the majority of
the experiments conducted.

The Hanning window, distinguished by its cosine-shaped pro�le, is mathematically de�ned as

W (n) = 0 :5 � 0:5 cos
�

2�n
N � 1

�
0 � n � N � 1: (4.42)

The above equation de�nes a window function wheren is the sample index andN is the total number
of samples. This function generates a bell-shaped curve that tapers smoothly to zero at both ends.
The cosine component ensures a gradual transition between samples, mitigating spectral leakage. The
scaling factor0:5 balances the energy distribution within the window.

The Hanning window provides a balance between frequency resolution and side lobe suppression,
making it a versatile tool for signal processing. It is computationally e�cient and e�ective in reducing
spectral leakage, improving the accuracy of frequency analysis. However, its performance may be
limited in applications requiring exceptional frequency resolution or stringent noise reduction, where
other window functions like the Kaiser or Gaussian windows might be more suitable.

In the characterization of window functions, several parameters are commonly utilized, including
sidelobe attenuation (SLA), mainlobe width (MLW) expressed as a multiple of the line spacing, and the
level error(� L ) measured at half the line width [195]. These parameters are widely accepted in the
scienti�c community, although they are not universally binding, meaning that alternative de�nitions and
approaches may also be found in the literature. An ideal window function is expected to exhibit several
key properties, like it should e�ectively attenuate the sidelobes, which is represented by a high value of
SLA, it should minimize the level error in the amplitudes, indicated by a small value of� L , and it
should demonstrate high selectivity, which is re�ected in a small MLW. The level error(� L ) arises as
a result of the inherent shape of the window function, which leads to a reduction in the amplitude
representation of certain frequencies. The parameters for the window functions are summarized in
Table 4.1.

Table 4.1: Parameters of various window functions [195].

Window function SLA (dB) � L MLW (lines)

Rectangle 13.3 0 1.62
Hanning 31.5 1.82 3.24
Hamming 42.7 1.75 3.38
Blackman 58.1 1.1 5.87
Flat top 60 0.05 7.01
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5 Vibration attenuation performance of
granular materials and mixtures

As mentioned in Chapter 2, the energy dissipation mechanism of a particle damper is a highly
complex and nonlinear phenomenon. This complexity presents a signi�cant challenge for their design.
Furthermore, numerous factors, such as particle size, shape, granular material, and �lling ratios,
in�uence its vibration attenuation capability [196, 197]. Among these variables, the choice of granular
material employed in the particle damper plays a vital role in determining its e�ciency. Moreover,
Chapter 2 highlights the prevalence of high-density materials like steel, lead, and tungsten in traditional
designs, with limited exploration of alternatives like rubber granulates.

This chapter addresses this gap by introducing the concepts of Recycled Rubber Particle Dampers
(RRPDs) and Hard Material Particle Dampers (HMPDs). Also, Chapter 2 highlighted the prevailing
approach of using a single material type within particle dampers. To overcome this limitation, this
chapter employs the concept of hybrid particle dampers (HPDs). HPDs utilize combinations of di�erent
granular materials, aiming to surpass the performance of conventional single-material dampers in
vibration control. Additionally, this chapter investigate the e�ect of moisture content on the behavior
of these systems, along with the relationship between vibration response and granular material mass,
an aspect that has received limited attention in prior research.

The present chapter builds on previous work [198], o�ering a deeper exploration of how particle size
distribution a�ects the performance of RRPDs. Additionally, it provides a more comprehensive analysis
of the mass-speci�c vibration control of particle dampers..

5.1 Test specimen development for laboratory evaluation

The design of the test specimen to study the vibration mitigation capability of RRPDs, HMPDs, and
HPDs draws inspiration from a stator commonly found in direct-drive wind turbine generators, see
Figure 5.1 (left). To enable e�cient and practical laboratory testing, a chosen section of the wind
turbine stator (WTS) was downsized while maintaining its key geometric features, see Figure 5.1 (right).
This downsized version retains the essential aspects of the original stator, allowing for easier handling
within a laboratory setting. The chosen con�guration was motivated by the aim to utilize a single
test specimen for both analyzing particle damper design parameters and extrapolating �ndings from
laboratory-scale experiments to industrial-scale structures (see Chapters 9 and 11).

Prior to �nalizing the dimensions of the laboratory test specimen, a series of numerical modal analyses
were conducted using the FEM. This investigation comprised three key steps. Initially, a modal analysis
was performed on the original, unscaled dimensions of the WTS. This step provided crucial insights into
the eigenfrequencies and eigenmodes associated with the original scaled WTS design. Subsequently,
modal analyses were conducted on several scaled versions of the test specimen. Scaling involved a
uniform reduction of all geometric dimensions, including wall thickness, by predetermined factors. The
purpose of this step was to explore how the scaling process a�ects the modal characteristics of the
specimen. The primary objective of analyzing the scaled versions was to identify con�gurations that
captured the maximum number of eigenfrequencies within the designated frequency range of interest
(20 Hz - 355 Hz). This information was crucial for selecting the �nal dimensions of the test specimen.
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Top part
(Stator arm)

Base part
(Stator ring)

Figure 5.1:Left: Full-scale assembly of a commercial wind turbine stator [199]. Right: Scaled-down
test specimen of a wind turbine stator designed for laboratory experiments.

The decision to concentrate on the low-frequency range in this chapter arises from two primary factors.
Firstly, as observed in Chapter 2, passive vibration control methods are generally most e�ective in
the high-frequency range. Although the particle damper is a broadband damping concept, Chapter 2
demonstrates that particle damper designs are predominantly e�ective in the high-frequency range.
Therefore, this chapter aims to investigate how particle damper material selection can extend its
e�ectiveness to the low-frequency range. Furthermore, this thesis seeks to translate particle damper
technology from the controlled laboratory environment to the real-world complexities of the industrial
sector.Wind turbine components were chosen as one of the target applications due to the signi�cant
challenges they face with low-frequency vibrations. It is important to note that this chapter prioritizes
the low-frequency range relevant to wind turbines. However, the broader applicability of particle
dampers is explored in later chapters, investigating their e�ectiveness in the high-frequency domain as
well.

The test specimen illustrated in Figure 5.2 represents a scaled-down version of the original arm from
a wind turbine generator, measuring one-�fth the original size. The test specimen comprises two
components: the base part, representing the stator ring and features a rectangular cross-section.
The upper segment of the test specimen resembles the stator arm of a WTS and exhibits a square-
shaped hollow cross-section. In order to conduct experimental investigations concerning the damping
performance of granular materials and their mixture, these materials are placed within the existing cavity
located in the upper segment of the test specimen, as illustrated in Figure 5.3. The selection of this
hollow space is based on experimental studies that investigated various particle damper design methods
for implementation in wind turbine generators (see Chapter 9). Additionally, a �xed �lling volume of
80% was chosen for all experiments. The selection of this particular �lling volume is deliberate, aimed
at minimizing the added mass of granular materials while ensuring a signi�cant presence of particles
within the cavity, thereby leading to a notable reduction in vibration amplitude. In this chapter, the
experimental investigation delves into the impact of20 distinct granular materials on the structure's
vibration response. These materials are classi�ed into two primary categories: recycled rubber particles
and hard granular materials. As mentioned previously, this categorization facilitates the introduction
of three damper designs: RRPDs, HMPDs and HPDs. It is important to note that additional details
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about the test specimen will be provided in Chapter 9.
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Figure 5.2:Design and dimensions of the test specimens used to evaluate the vibration attenuation
properties of RRPDs, HMPDs, and HPDs. All the dimensions are in mm.

Figure 5.3: Placement of granular material within the upper cavity of the test specimen.

5.2 Material in�uence on particle damper performance

This section provides a comprehensive and detailed characterization of the granular materials used
in the design and development of three speci�c types of particle dampers: RRPDs, HMPDs, and
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HPDs. It includes an in-depth analysis of the particle sizes, examining both the individual particle sizes
and their distribution within the polydisperse mixtures. This analysis is crucial for gaining a deeper
understanding of how these speci�c granular con�gurations contribute to the overall performance and
e�ciency of the particle damping systems. It is important to note that the measurements of particle
size and distribution were performed by the Fraunhofer Institute for Manufacturing Technology and
Advanced Materials (IFAM). As such, this section will provide only a brief overview of the measurement
techniques employed by IFAM, presented here for the sake of completeness, rather than an exhaustive
discussion of the methods used.

5.2.1 Recycled rubber particle dampers (RRPDs)

The development of the RRPDs involves the utilization of rubber granulates (RGs) and rubber powders
(RPs) of varying shapes and sizes, as illustrated in Figure 5.4. The materials used in this study can be
classi�ed into two distinct categories. The �rst category comprises RGs obtained from the recycling of
end-of-life tires (ELT), along with RPs also derived from the same source. These ELT-based RGs and
RPs, depicted in Figure 5.4 (a)-(g) and (j)-(k), respectively. The ELT rubber materials used in this
thesis are manufactured by GENAN GmbH.

The second category consists of RGs obtained from the recycling of ethylene propylene diene monomer
(EPDM) rubber, as shown in Figure 5.4 (h)-(i). Unlike the ELT-based materials, EPDM RGs are
commonly used as �lling material for punching bags.

(a) (b) (c) (d) (e) (f)

(g) (h) (i) (j) (k)

Figure 5.4:Rubber materials for RRPD design: (a) RG6:4 mm , (b) RG5:1 mm, (c) RG4:7 mm,
(d) RG 4:6 mm, (e) RG3:6 mm, (f) RG 2:4 mm, (g) RG2:3 mm, (h) RG3:0 mm, (i)
RG2:2 mm, (j) RP 0:8 mm, (k) RP 0:5 mm.

The choice of RGs and RPs for particle damper design is driven by their highly non-linear viscoelastic
material properties, which can o�er exceptional damping characteristics [7]. Furthermore, both RGs
and RPs possess rough and irregular surfaces, which can increase the number of contact points and
interacting surfaces, thereby enhancing their damping properties [163, 197]. However, it is crucial to
note that RG particles generally have rougher and more irregular surfaces compared to RP particles.
Moreover, employing recycled tires not only provides environmental and climate advantages but also
introduces a sustainable methodology to particle damper design. In addition to evaluating the overall
vibration attenuation capacity of RGs, this study also investigates the in�uence of rubber particle size on
vibration mitigation. However, it is important to acknowledge that the particle size distribution (PSD)
of both RGs and RPs is non-uniform, see Figure 5.5 - Figure 5.7. To facilitate a clearer comparison
of the PSD between RGs and RPs, the frequency and cumulative curves for each material type are
presented separately.
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Figure 5.5: Volume-based relative frequency distribution of the investigated ELT and EPDM RGs.

Figure 5.6:Volume-based cumulative frequency distribution of the investigated ELT and EPDM RGs.

Given the polydisperse nature of the RGs and RPs PSD, two approaches can be employed to investigate
the in�uence of particle size on vibration attenuation. The �rst approach utilizes a single central value,
such as the median particle size (d50), to assess its e�ect on vibration mitigation. The d50 refers to
the diameter value that divides the PSD in half, with equal portions of particles exceeding and falling
below this size. Importantly, within the context of this thesis, d50 represents the Feret median of the
volume distribution, o�ering a readily interpretable and highly relevant statistic for characterizing PSD.
Centralized measures such as mean, median, or mode o�er a valuable starting point for understanding
particle size. However, a more comprehensive view of the distribution requires additional information
about the spread of particle sizes. To achieve this, utilizing both a central value and a measure of
dispersion provides a more accurate representation of the PSD [200, 201]. This combined approach
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Figure 5.7:Volume-based relative frequency distribution (a) and cumulative frequency distribution (b)
of the investigated ELT and EPDM RGs.

o�ers a deeper understanding of the variation within the particle population and its potential impact
on vibration attenuation.

The analysis of frequency and cumulative curves (Figures 5.5 - 5.6) provides valuable insights into the
distribution of the particle population. These curves o�er a visual representation and facilitate the
extraction of crucial data points such as d10, d50, and d90, thereby providing essential information
about the spread of particle sizes. Mathematically, these curves are intimately connected, with the
cumulative distribution being derived from the frequency distribution through integration [200].

Table 5.1 summarizes the PSD of RGs and RPs, including their d10, d50, and d90 values. Analogous
to d50, d90 represents the particle diameter at which90% of the distribution falls below in size and
10% falls above. Similarly, d10 signi�es the diameter where10% of the particles are smaller and90%
are larger. A three-point characterization comprising d10, d50, and d90 is considered comprehensive
and suitable for most particulate materials. Additionally, the table lists the source materials from which
RGs and RPs are manufactured. The naming convention for the rubber particles in Table 5.1 employs
a system where the numerical value directly denotes the Feret median diameter of the material. This
approach facilitates clear di�erentiation between individual RGs and RPs, enabling straightforward
identi�cation of their key size characteristics.

Although visual inspection of Figure 5.5 - Figure 5.7 allows for a qualitative assessment of the PSD
curve's width, quantitative measures of absolute width can be obtained from the cumulative distribution
data. A commonly used metric for this purpose is the span, which is calculated using the d90 and d10
values as follows [202]

Span= d90� d10: (5.1)

Table 5.1 also summarizes the distribution width of each RG and RP along with their bulk density.
However, the bulk density values of the EPDM rubber granulates "RG 3.0 mm" and "RG 2.2 mm" are
not reported, as these materials were sourced from the study conducted by Koch et al. [7], in which
such data were not provided. Particle size analysis also revealed that rubber granulates "RG 4.6 mm"
and "RG 6.4 mm" exhibited the widest size distribution among the tested materials, see Figure 5.5
and Figure 5.6. Interestingly, within the rubber powder category, "RP 0.5 mm" particles displayed a
broader size range compared to "RP 0.8 mm" particles, see Figure 5.7.
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Table 5.1: PSD of RGs and RPs, including their bulk density and source material.

Nomenclature
d10 d50 d90 Absoulte span Bulk density Material

[mm] [mm] [mm] [mm] [kg =m3 ] [-]

RG 6.4 mm 5.25 6.37 8.50 3.25 495 ELT
RG 5.1 mm 3.99 5.10 6.81 2.82 465 ELT
RG 4.7 mm 3.84 4.68 5.62 1.78 455 ELT
RG 4.6 mm 3.28 4.60 6.40 3.12 465 ELT
RG 3.6 mm 2.88 3.58 4.33 1.45 430 ELT
RG 2.4 mm 1.62 2.37 3.61 1.99 430 ELT
RG 2.3 mm 1.67 2.28 2.86 1.19 395 ELT
RP 0.8 mm 0.56 0.79 1.09 0.53 355 ELT
RP 0.5 mm 0.25 0.49 0.85 0.60 340 ELT
RG 3.0 mm 2.13 3.00 4.33 2.20 - EPDM
RG 2.2 mm 1.44 2.17 3.41 1.97 - EPDM

The measurement of particle size and distribution was conducted by the Fraunhofer Institute for
Manufacturing Technology and Advanced Materials (IFAM). IFAM utilized laser di�raction spectroscopy
(Horiba LA950) in accordance with ISO 13320:2009 to determine the geometric dimensions of the RPs.
Additionally, the PSD of the RG samples was determined by scanning1000- 2000particles from each
sample using a transmitted-light scanner (Microtek ScanMaker i900) and specialized image analysis
software (Aquinto a4i Analysis). It is important to note that the PSD data for ELT-RGs and RPs
provided by GENAN GmbH di�er from the information presented in Table 5.1. This discrepancy may be
due to the di�erent measurement methods used for analyzing particle size distribution; GENAN GmbH
employed the sieve method for their measurements. Additionally, PSD data for the EPDM RGs were not
reported in the study by Koch et al. [7], which necessitated the use of PSD measurements conducted by
IFAM for these speci�c RGs. Therefore, to maintain consistency and ensure data availability, the PSD
measurements performed by IFAM will be utilized throughout this thesis for the analysis of vibration
attenuation.

5.2.2 Hard material particle dampers (HMPDs)

This section examines the material characteristics of hard granular materials used in the design
of HMPDs. For this investigation, nine distinct granular materials, representing a combination of
conventional and non-conventional choices, were chosen for this investigation (Figure 5.8).

(a) (b) (c) (d) (e) (f)

(g) (i) (j)

Figure 5.8:Granular materials employed in the design of HMPDs: (a) Steel balls, (b) lead shot, (c)
steel chips, (d) plastic cylinders, (e) plastic balls, (f) quartz powder, (g) stone powder, (h)
sand coarse, (i) sand mix.
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