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1. Introduction 

1.1 Vibration and damping 

Continous stresses and strains due to unwanted vibrations are one of the major 

sources of failures of mechanical systems and structures. Mechanical systems and 

structures (i.e., buildings, bridges, automobiles, and parts of automobiles) can break 

earlier than expected due to unwanted vibrations. Sudden breaking of any mechanical 

system and structure can be dangerous to human life. Vibration can also cause noise and 

disturbance, which can also affect human health. While designing mechanical systems 

and structures, attention must be given to the decrease the vibrations. To some extent, 

the vibration can be controlled by the dynamic balancing of the moving parts, but after a 

certain limit due to the motion of components further reduction is not possible by 

balancing. In this situation, the damping source is attached to the mechanical systems 

and structures to reduce vibration. 

The damping of any mechanical system and structure can be divided into passive 

damping, active damping, hybrid damping, and semi-active damping [1]. Damping can 

be active damping and passive damping. Active damping is achieved by exerting a 

counterforce or moment in a controlled manner. For passive damping, the damping is 

produced without an external source of energy. The active damping is produced by 

applying external energy to the damping unit. In the case of hybrid damping, the 

combination of passive and active damping is provided to the mechanical system and 

structure. In semi-active damping, the damping can be adjusted according to the 

reaction of mechanical systems. 

A practical example is semi-active suspensions in the latest automobiles using 

viscous fluid as a vibration suppression medium. There are different types and methods 

for semi-active suspension system. For the semiactive suspension system, 

magnetorheological (MR) fluids are also used. MR fluid is a kind of fluid that can 

change from a liquid state to a semi-solid state when subjected to a magnetic field [2]. 

One of the main problems with conventional dampers is that the performance is 

sensitive to temperature [3, 4]. The suitable temperature range for conventional dampers 
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is less than 250 degrees Celsius [4]; however, a high-temperature range is required [5]. 

The second problem with conventional dampers is oil leakage. In recent years, 

researchers have turned their focus extensively on particle dampers. Particle dampers 

can be used in harsh environments where conventional dampers are inefficient [6, 7]. 

Compared to a conventional oil damper, a particle damper has a wider control frequency 

band [8]. 

Particle dampers use different techniques than oil dampers to control the vibration 

from mechanical systems and structures. The damping devices are categorized as 

friction dampers (FDs), tuned mass dampers (TMDs), and viscous fluid dampers 

(VFDs), and isolators [9]. Particle damper is the device in which particles move freely 

in a cavity to produce a damping effect. In this dissertation, we are focusing on the 

damping characteristics of particle dampers. 

1.2 Brief overview of particle dampers 

Particle dampers consist of container-filled particles made from different materials, 

i.e., glass, lead, tungsten, elastomers, etc. [10-12]. The damper dissipates energy due to 

collision and friction between the particle-particle and particle-wall of the damper [13]. 

Particle dampers have a simple structure, and they have a wide range of practical 

applications, such as, civil structure, mechanical structures, and vehicles.  

The concept of particle damping dates back to 1937, when the turbine blade's 

vibration control impact damping concept was first proposed by Paget [14]. The 

damping technique consisted of a single particle. Although the concept was unique for 

vibration attenuation, the main problem with the damper was loud noise due to collision. 

In 1945, Lieber and Jansen proposed a vibration control technique for mechanical 

systems [15]. In their research, the frequency was kept fixed, and a large ratio of damper 

mass to machine mass was feasible. 

1.2.1 Types of particle dampers  

Based on the number of particles, the particle dampers can be divided into four 

main types: impact damper [15], multi-unit impact damper [16], particle damper [17], 

and multi-unit particle damper [18]. Impact damper consisted of a single particle in a 

single cavity. Multi-unit impact damper consisted of more than one cavity with single 
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particle in each cavity. In particle dampers several particles are used in single cavity. 

Multi-unit impact damper consisted of more than one cavity with several particles in 

each cavity. Masri performed experiments and simulations to verify that multi-unit 

impact dampers are more effective than single-unit impact dampers [19]. The 

development of these four basic types evolved into several other types and parameter 

studies in particle damping. 

Fig.1.1 Basic types of particle dampers [20] 

In 1991, Panossian proposed a non-obstructive particle damper [21]. He used small 

cavities at different locations inside the mechanical structure. Cavities were filled with 

particles made from different materials (steel, tungsten powder, nickel powder, etc.). A 

decrease in vibrations of the mechanical structure was observed in his results. In 2010, 

Hayashi and Ido proposed a novel particle damper that consisted of glass particles as a 

damping medium. Their design consisted of a piston with linear motion, as shown in Fig 

1.2 [22]. They concluded that the packing fraction, vibration frequency, and particle size 

significantly affect particle damper's damping performance. Their study further 

extended the type of particle dampers into piston-based particle dampers. Later, Ido et al. 

investigated the damping properties of a damper using steel particle assemblage [23]. It 

was noted that the damping force of low frequency is quite different from that of the 

relatively high frequency of forced vibration. An increase in the damper force is 

observed with an increase in the length of the inner area. Hanai et al. verified the 

experimental results and investigated the behavior of steel particles in a linear damper 

using the discrete element method [24]. The results showed that the damping force is 

mainly affected by the elastic and frictional forces of particles. 
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Kawamoto et al. investigated the effect of gravity on the steel particles used inside 

a linear damper [25]. To reduce the effect of gravity, two permanent magnets with 

opposite poles were attached to the sides of the damper. Binoy et al. [26] proposed a 

semi-active piston-based particle damper. In his design, the external magnetic field is 

provided to the magnetic particles inside the damper. Gharib et al. proposed a linear 

particle chain type damper based on small balls between large size balls inside a damper, 

as shown in Fig.1.3 [27]. Several studies have been conducted on particle impact 

dampers. Marhadi, et al. proposed a particle impact damper for beam [12], the effect of 

packing fraction was investigated. They suggested that the size and the number of 

particles are independent parameters and should be considered while designing particle 

impact dampers. Liu, et al. studied the vibration control of structures using particle 

impact dampers [11]; they found that the disk cavity's ratio of thickness to diameter 

plays a significant role in increasing the damping characteristics.  

 

 

Fig.1.2 Piston-based particle damper [22] 

 

   Most of the published work is based on particle impact dampers, while limited 

articles have been found on piston-based particle dampers. Kawamoto et al. proposed to 

use elastomer particles containing micron size silicon particles in their piston-based 

particle damper [28]. Morishita et al. proposed a piston-based elastomer particle damper, 

and they used a double rod type particle damper [10]. In their paper, they concluded that 

an increase of packing fraction, frequency, and stroke of the piston increases the damper 
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force. Toyouchi et al. introduced a linear type dual-chamber single-rod-type particle 

damper [29]. They showed that the influence of the vibration frequency on the damper 

force is small with respect to the influence of the packing fraction on the damper force. 

Kishan et al. proposed a rotary elastomer particle damper, whose torque depends on the 

rotor angle [30]. In their research, they used a rotor inside the damper. A rotating rod is 

used instead of a piston. As for as author’s knowledge, no more articles have been found 

on the damper torque properties of a rotary elastomer particle damper. 

Based on the literature review, there are two types of dampers used in the 

particle-based vibration control system. One is a particle impact damper, and the other is 

a piston and rotor-based particle damper. Particle impact dampers consist of a closed 

cavity with particles inside it. In piston and rotor-based particle dampers, a moving rod 

or rotor is used inside the container of the damper. The piston-based particle damper is a 

linear damper consisting of a rod, and a rotary particle damper consists of a rotating 

shaft. Fig 1.4 shows the particle damper categorization. 

 

Fig.1.3 Gahrib’s damper with small and large balls [27] 

 

 

Fig.1.4 Particle damper categorization 
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1.2.2 Type and size of particles used for particle damping 

Different researchers have studied different types of materials as particles inside 

the damper. Some researchers investigated traditional materials with different 

techniques, and some of them tried traditional techniques with different types of 

particles. The main purpose of investigating particles made of different materials was to 

reduce the noise, impact forces, and increase plastic deformation, thus increasing the 

damping characteristics of particle dampers. A particle damper with the inner wall made 

of rubber was investigated by Li [31]. Based on experimental results, it was proved that 

due to the usage of rubber in the inner wall, a significant amount of reduction in impact 

forces and noise due to the collision was observed. The fine particle impact damper idea 

was put forward by Du [32]. He used fine particles as a damping medium to absorb the 

vibration of the mechanical structure. Darabi et al. used polymeric particles [33]. They 

proposed that after the convection region, the damping properties of the damper are 

irrespective of the type of materials. Particle dampers consisting of elastomer particles 

were put forward by Bustamante et al. [34]. A particle damper with soft hollow particles 

was proposed by Michon et al. [35]. They concluded that soft hollow particles are 

suitable for damping when the frequency is higher. 

Hamzeh et al. conducted a detailed investigation of the shape of the particles [36]. 

They reported that spherical shape is the most favorable shape to be used in particle 

impact dampers. Research on the effect of the particles packing fraction and size of 

metallic particles was conducted by Kachare and Bimlesh [37]; they used 1 mm, 2 mm, 

and 3 mm diameter spherical particles made of copper. They concluded that 1 mm 

diameter-sized particle showed the highest performance among them.  

Elastomer particles are used in this study due to the high excitation intensity of 

elastomer particles. They produce less noise due to collisions and they are lighter and 

cheaper than metallic particles. 

 

1.3 Damping mechanism of particle dampers 

The vibration control of particle dampers is due to friction and collisions between 

particles and between particles and walls of the damper. Friction and collision between 

particles result in energy dissipation which results in the generation of damping forces. 

Different researchers argued on the damping mechanism of particle dampers and 
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proposed different theories of damping mechanism. Kervin proposed that damping takes 

place due to the friction between particle-particle, deformation of particles, and 

resonance of material of particles [38]. Popplewell suggested that energy dissipation 

occurs due to the momentum exchange of particles when they collide with each other 

and the walls of the damper [39]. A study on the energy dissipation of particles in a 

particle damper based on the discrete element method (DEM) was conducted by Wong, 

et al. [40]. He concluded that friction plays a vital role in the vibration control 

mechanism of particle dampers. Chen, et al. [41] put forward the concept that energy 

dissipation occurs in a particle damper due to thermal energy and potential energy.  

Based on the DEM simulations proved that the properties of the particles used inside the 

particle damper have little influence on its damping properties if the clearance inside the 

damper is changed accordingly [42]. Sanchez, et al. [43] concluded that the welding of 

individual particles can reduce the particle damper’s performance. 

 

1.4 Numerical simulations in the field of particle damping 

The DEM is mostly used numerical simulation method for particle behavior analysis. 

DEM was first proposed by Cundall [44] as a granular particle flow analysis technique. 

The DEM analyzes the behavior of particles based on contact laws and equations of 

motion. DEM is a simple method to analyze particle behavior, but it is a lengthy method, 

especially when large numbers of particles are analyzed [45]. Considering the long 

duration of DEM simulation, different scholars put forward some simplified DEM 

techniques to analyze the behavior of particles. Lu, et al. [46] proposed an equivalent 

simulation method to analyze particle behavior. In this method, the collision between 

particles is neglected. Based on the theory proposed by Lu, et al. some of the 

researchers further extended the simulation techniques. Based on the DEM simulation 

technique, Sanchez, et al. [47] simulated the dynamic characteristics of particle damper 

and impact damper. They noted that the dynamic characteristics of particle damper and 

particle impact damper are the same. 

In recent years, graphics processing units (GPU) have significantly improved in 

simulating long data. GPUs can compute and process data quickly than CPUs [48]. 

Availability of modern computers and combination of CPU and compute unified device 

architecture (CUDA) made DEM simulations faster than before. In several simulations, 
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speed up of ten to hundred-folds has been achieved [49]. In our research, we performed 

an effective DEM implementation on CUDA-compatible GPUs to simulate the particle 

behaviors inside the rotary particle damper. 

 

1.5 Experimental study in the field of prticle damping  

    Different researcher used different techniques to carry out extensive experiments 

on the performance analysis of particle dampers. Energy dissipation analysis of particles 

was conducted by Du, et al. [50]. Daniel [51] investigated the particle dampers based on 

analysis of shear strain gradient across the length of the cylinder. Zhang et al. [52] and 

Li, et al. [53] studied the effect of the mass ratio of particles on the performance of 

particle dampers. They suggested that particles with higher mass can provide more 

damping. Hollkamp, et al. [54] studied various design parameters, i.e., particle types, 

packing fraction, and random placement of particles at different locations of the damper, 

etc. Sathishkumar, et al. [55] investigated the effect of size of particles, the density of 

particles, and the hardness of particles. 

    There are two main factors to investigate the effect of particle damping. One is an 

external factor and other is an internal factor [56-58]. The external factors consist of 

excitation amplitude and frequency analysis. The internal factor consists of the type of 

particles, size of particles, size of cylinder, packing fraction, rotor speed, the shape of 

particles, and random placement of particles [59-61]. 

 

1.6 Applications of particle dampers 

    Particle damping technology has been studied for years, and it went through 

several developments and evolution phases. There are several engineering fields where 

particle dampers can be used, such as mechanical engineering, aerospace engineering, 

and civil engineering. Lu, et al. [62] proposed the idea of using particle dampers to 

control the unwanted vibration in the field of automobiles, rotating machines, airplanes, 

spacecraft, robotics, etc. Song, et al. [63] put forward the idea of using particle dampers 

in the mining truck vibration control. Haseena, et al. [64] used the particle damper for 

the vibration control of structures. They concluded that small size particles are capable 

of producing more damping than large size particles. Yang, et al. [65] used particle 

dampers in the vibration control of milling machine. Du, et al. [66] and Marhadi, et al. 
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[67] studied the use of particle dampers in cantilever beam vibration reduction. Effect of 

mass ratio, particle size, packing ratio, and frequency were analyzed. Xu, et al. [68] 

utilized the particle damper to reduce the noise and vibration of the banknote machine. 

Particle damping technology has been studied in the field of automobile engineering by 

Xia, et al. [69]. They used the particle damper to control the vibration of the drum brake. 

Zhang, et al. [70] proposed a particle damper to control the vibration of wind turbines. 

Jin, et al. [71] introduced the particle damper to reduce the vibrations of railway 

transient. Papalou, et al. [72] suggested the idea of using particle dampers to protect the 

historical buildings and statues from earthquake vibrations. 

  

1.7 Objectives and scope of research 

    The main research objective of this study is to determine experimentally and 

numerically the performance parameters of the rotary elastomer particle dampers. The 

scope of the research is to perform the experimental and numerical investigation of the 

damper torque properties of rotary elastomer particle damper. An experimental setup is 

used to perform the experiments. The particle damper consisted of a rotating rotor. The 

particle damper was filled with silicon rubber elastomer particles. The objective was to 

investigate the effect of particle size, packing fraction, rotor speed, the shape of particles, 

and type of particles on the performance of the rotary elastomer particle damper on the 

torque. The visualization test and DEM analysis were conducted to understand the 

behavior of particles inside the rotary damper. The aim of this research is to gain a 

better understanding of the working mechanism and important factors which affect the 

damping performance of rotary elastomer particle dampers. 

 

1.8 Organization of thesis 

    This dissertation consists of 5 chapters. Chapter 1 is about introduction, history, 

types and development of particle damper is discussed. Chapter 2 is about the torque 

properties of double-chamber rotary elastomer damper. It is found that, increase in 

packing fration, rotor speed, and size of elastomer particles increases the damper torque. 

The torque properties of single-chamber rotary elastomer damper are presented in 

Chapter 3. Shape of elastomer particles are inverstigated, increase aspect ratio of 



名古屋工業大学 

10 

elliptical particles decreases the damper torque. Spherical particles with aspect ratio 1:1 

produced higher damper torque. Mix mode produce higher damper torque than spherical 

elastomer particles when the packing fraction is 60%. Chapter 4 details the investigation 

of using rotary damper with gap and no-gap between rotor anc cylinders. Size of 

elastomer particles plays significant role in producing higher damper torque in case of 

the damper with gap between rotor and cylinder. The damper with gap between rotor 

and cylinder produced higher damper torque when elastomer particles with 5 mm 

diameter are used. Finally, chapter 5 summarizes the work done and provides the final 

conclusion. 
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2. Experimental and Numerical Analysis of Double-Chamber 

Rotary Particle Damper 

2.1 Introduction 

In recent decades, the researchers have diverted their focus on particle dampers [6]. 

Particle dampers dissipate the kinetic energy of the system in two ways, one is due to 

collision between particle-particle and particle-wall of the damper, and the other is due 

to friction between particle-particle and particle-wall of the damper [69]. The main 

advantage of using particle dampers instead of oil damper is no leakage of oil. Even 

though different kind of expensive seals are used in oil dampers to prevent oil leakage, 

leakage occur in oil damper. Metallic particles have several disadvantages and one of 

them is noise due to collision between particles. Elastomer particles, due to high elastic 

behavior and low noise, can be useful in mechanical engineering applications. 

In this section, experimental and numerical simulation approaches are used to 

analyze the damper torque characteristics of a novel double-chamber rotary elastomer 

particle damper. A rotary particle damper consists of a rotating shaft, which is connected 

to a rotor. Rotor moves with the rotation of shaft and pushes the elastomer particles to 

move forward in the direction of the rotor. Particles produce resistive forces in the 

motion of the rotor. Because of these resistive forced from particles, energy dissipation 

occurs, which results in the generation of damper torque. We investigated the effect of 

packing fraction, size of elastomer particles and rotational speed on damper torque of 

the novel double-chamber rotary elastomer particle damper. Quantitative and qualitative 

investigations of the rotary elastomer particle damper are conducted using the discrete 

element method (DEM). The main reason behind selecting this type of novel rotary 

elastomer particle damper is its simple working mechanism; small damper size allows it 

to be tested in real life applications, i.e., car seat suspension and door closer. 
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2.2 Experimental procedure 

2.2.1 Fabrication of elastomer particles 

Silicone rubber TSE3466 (Momentive) is used to fabirctae the particles. TSE3466 

consists of TSE3466 A and TSE3466 B, which work as catalysts and are used to speed 

up the drying process. After mixing TSE3466 A and TSE3466 B, the liquid paste is 

inserted into the molds. We prepared elastomer particles of 3, 4, 5, and 6 mm diameter 

for our experiments to investigate the effect of size of elastomer particles on damper 

torque of rotary elastomer particle damper. The main reason to select particles of 3 mm 

diameter as the standard size is that we can expect higher damper torque of the damper 

due to higher deformation range compared to particles of 2 mm and 1 mm diameter. The 

second reason is that they are easy to fabricate. Figure 2.1 shows the outlook of 

elastomer particles used in our experiments. 

 

 

Fig.2.1 Elastomer samples of TSE3466 3 mm, 4 mm and 5 mm diameter particles after being 

removed from molds. 

 

2.2.2 Double-Chamber rotary elastomer particle damper 

Figure 2.2 shows the schematic diagram of the separated double-chamber rotary 

elastomer particle damper. There is a rotor connected to the main shaft. The damper is 

divided into two separated chambers, and particles in one chamber cannot move to 

another chamber, that’s why the damper is named as double-chamber rotary elastomer 

particle damper. The bearings on both sides are used to support the shaft of the damper; 

two different bearings were used in this damper. To find the torque due to the friction 

between damper parts, the torque of the damper without inserting elastomer particles 
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was investigated and found that the torque is small enough to neglect. The rotary 

elastomer particle damper consists of a cylinder with covers, shaft, rotor which is fixed 

to the shaft, and the holder. 

 

Fig. 2.2 Schematic diagram of the double-chamber rotary damper. (a) Cross-sectional side view and 

(b) cross-sectional top view. 

 

2.2.3 Working mechanism of double-chamber rotary damper 

The double-champer rotary elastomer particle damper is produced, experimentally 

torque characteristics of the rotary particle dampers are investigated. The particles from 

one chamber of the damper can not cross to the second chamber in double-chamber 

rotary elastomer particle damper, because the gap between the rotor and cylinder is 

small enough which particles can not pass through. Due to the resistive forces from 

particles, energy dissipation occurs, which results in the generation of damper torque 

[73, 74]. In double-chamber, because of two sections, particles are pushed from both 

sides. The elastic repulsion of particles is stronger in the double-chamber rotary 

elastomer particle damper than the single-chamber rotary elastomer particle damper. 

Hence, it is expected that double-chamber rotary elastomer particle damper can produce 

more damper torque than single-chamber rotary elastomer particle damper. 

   In this study, the effect of packing fraction and rotor speed on the damper torque is 

also analyzed. The packing fraction can be defined as ∅=100M/Vρ [%], where ∅ is the 

packing fraction, M is the mass of the particle, V is the volume of the container (damper 
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body), and ρ is the density of particles. 

 

2.2.4 Experiemental setup 

Figure 2.3 shows the schematic diagram of the experimental setup on which the 

rotary elastomer particle damper was tested. A torque meter (UTM II, Unipulse 

Corporation) was used to measure the damper torque produced by the rotary elastomer 

particle damper. The rotational motion was provided to the damper with the motor. The 

shaft and the damper were connected with the couplings. The control unit controlled the 

rotational speed of the motor. The results were obtained by performing experiments 

three times on each prepared sample. Before starting experiments, 5 to 6 revolutions at 

high rpm were given to settle down the particles at random locations. The experiments 

were performed at each packing fraction till 20 revolutions of the shaft. The study on 

the effect of temperature on Young’s modulus of Silicon was conducted by Ono [75]. He 

observed that minor decrease in Young’s modulus was observed after 700-degree 

temperature rise. In the current research, the increase of temperature was checked 

during experiments by touching the damper; the increase in temperature was 

approximately few degrees. So the slight increase in temperature during experiments 

does not affect the mechanical properties of the TSE3466. 

 

Fig. 2.3 Schematic diagram of experimental setup 
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2.3 Numerical simulation 

To investigate the behavior of particles in the rotary elastomer particle damper, the 

DEM simulations were performed. The use of DEM to analyze behavior of particles has 

been increasing by the research community [76]. Much of the credited analysis of DEM 

technique to simulate the behavior of particles was conducted by Cundall and Strack 

[77]. Their contact force concept is shown in the Fig. 2.4 This model based on the 

Kelvin–Voigt material model, which consist of an elastic spring and a dashpot. This 

method is considered as the most successful model in the particle simulation analysis 

[78]. The particle behavior is analyzed based on Newton’s second law of motion. The 

contact forces are calculated using the Voigt model, known as the spring dashpot system 

[79]. The DEM is widely used for the optimization of particle behavior, and the main 

advantage of this methodology is to obtain a qualitative and quantitative analysis of the 

system [80]. The model elaborates the normal and tangential forces acting on two 

spherical bodies in contact with each other. According to this model, normal contact 

force acts in the line of centers of the colliding particles, whereas the tangential contact 

force acts perpendicularly to the line of centers. 

   The basic equations of motions, can be stated that 

 

mi
d

 2
ri

dt
 2  = Fi ,                     (1) 

 

Ii
dΩi

dt
 =   Ti ,     (2) 

 

where t is the time,  mi 𝑖s the mass of the particle, ri is the position vector of the 

particle i, Fi is the sum of the forces acting on the particle i, Ii is the moment of inertia, 

𝜴𝑖  is the angular velocity vector, and Ti represents the total torque acting on the 

particles. In these equations, a particle is named as particle i, by considering which the 

model will further progress.  Fi, Ii, Ti can be expressed as 

 

Fi =  F𝑐𝑛 +𝑭𝑐𝑡+  Fg,     (3) 
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 Ti= 𝒓𝑖 × 𝑭𝑐𝑡,     (4) 

  

Ii =  
8

15
ρπ𝑎5,     (5) 

  

Fg=mi𝒈,     (6) 

 
where F𝑐𝑛 is the normal contact force between particles or the walls of the damper, 𝑭𝑐𝑡 

is the contact force in tangential direction, Fg is the gravity force, 𝒈  is the 

gravitational acceleration vector, a is the radius of the elastomer particle  and ρ is the 

particle density. The contact force acting on the particles can be obtained from the 

model by Cundall and Strack [77]. This model is based on the Kelvin–Voigt material 

model [78], which consists of an elastic spring dashpot and a slider. 

 

 

Fig.2.4 Contact force model of particle. (a) Normal direction, (b) Tangential direction 

 

The contact forces F𝑐𝑛 and 𝑭𝑐𝑡 are given by 

 

F𝑐𝑛 = (−Knδn −CnVij . ni)ni,     (7) 

 

Fct =  −Ktδt −CtVfij,     (8) 

 

where the subscript n represents the parameters of normal direction, whereas the 

subscript t represents the parameters of tangential direction, Kn is the elastic modulus in 

normal direction, Kt  is the elastic modulus in the tangential direction, Cn is the 

viscosity coefficient in normal direction, Ct is the viscosity coefficient in tangential 
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direction, δn is the strain in the normal direction, δt is the strain in tangential direction, 

ni is unit vector in the normal direction from i to particle j, Vijis the relative velocity 

vector of particle i with respect to particle j, and Vfij is the tangential relative velocity. 

 

𝑽𝑖𝑗 = 𝒗𝑖 − 𝒗𝑗 ,     (9) 

 

𝑽𝑓𝑖𝑗 = 𝑽𝑖𝑗 − (𝑽𝑖𝑗 . 𝒏𝑖)𝒏𝑖 + 2𝑎(𝝎𝑖 − 𝝎𝑗) × 𝒏𝑖 , (10) 

 

where 𝝎𝑖 and 𝝎𝑗 are the angular velocity vectors of particles i and j, respectively. 

Viscosity coefficients in normal direction Cn and viscosity coefficient in tangential 

direction Ct can be represented as 

 

𝐶𝑛 = ά√𝑚𝑖𝐾𝑛𝛿𝑛
0.25 ,     (11) 

 

𝐶𝑡 = ά√𝑚𝑖𝐾𝑛𝛿𝑐𝑡
0.25, 

    (12) 

 

where 𝛿𝑐𝑡 is the displacement in elastomer particle in tangential direction. ά determines 

the magnitude of viscous damper force, which can be expressed by following equation 

[29]. 

 

ά = 2.2√
ln (𝑒2) 

ln(𝑒2)+𝜋2
 .    

  (13) 

 
The elastic moduli in the normal direction are expressed by the following equations 

based on Hertz's contact theory, 

 

Knij = 
2

3π
(

1

𝛿𝑖
)√

aδn

2
,      

(14) 

 

 

Kniw= 
4

3π
(

1

𝛿𝑖+𝛿𝑤
)√aδn ,     (15) 
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δi = 
1- νi

2

Eiπ
,      (16) 

  

δw = 
1- νw

2

Ewπ
,     (17) 

  

where the subscript w indicates that the quantities relate to the wall, Knij is the elastic 

coefficient when particle i and particle j are in contact whereas Kniw is the elastic 

coefficient when the particle i is in contact with the wall of the damper, Ei and Ew are 

the moduli of longitudinal elasticity of the particle and wall, respectively, and νi and νw 

are the Poisson’s ratios of the particle and wall, respectively. Considering that there is 

no slip at the point of contact, the tangential elastic coefficients can be expressed as the 

following equations based on the Mindlin theory [80]. 

 

Ktij =  (
2√2aGi

2-νi
) δn

0.5
, (18) 

  

Ktiw =  (
8√aGi

2-νi
) δn

0.5
,     (19) 

 

where Ktij is the elastic coefficient when particle i is in contact with another particle j. 

Ktiw is the elastic coefficient when particle i is in contact with wall of the damper. And 

Gi is the transverse elastic modulus of the particle, and is expressed as follows: 

 

𝐺𝑖 =
𝐸𝑖

2(1+𝑣𝑖)
.     (20) 

  

In this simulation, the elastic force and viscous force are taken into consideration in case 

of the normal direction as well as the tangential direction. For calculating the time steps 

of the velocity, displacement, and angular velocity of the particles, the Adams-Bashforth 

method of second-order accuracy was applied. The analytical model for the rotary 

elastomer particle damper is the same as the rotary damper prepared for experiments as 

shown in Fig. 2.5. The physical properties for the simulation were also the same as 

experiments. Table 2.1 shows the numerical conditions used for the simulation. Table 

2.2 shows the mechanical properties used in the simulation. The friction coefficient was 
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taken 0.5 in this simulation [81]. The simulations were conducted at packing fraction of 

30%, 40%, 45% and 50% with rotation speed of 60 rpm.  

 

Table 2.1 Numerical conditions 

Material   TSE3466 (Silicone rubber) 

Packing fraction  [∅   30%, 40%, 45% and 50% 

Diameter of particles 3 mm, 4 mm, and 5 mm 

Rotational  speed 60 rpm 

Time step 7.5×10
-9 

sec 

 

 

Table 2.2 Mechanical properties of calculation 

Density of particle [kg/m
3
 ] 1.10×10

3
 

Particle’s Poisson ratio 0.5 

Wall’s  Poisson ratio 0.3 

Friction coefficient (Particle-Particle) 0.5 

Friction coefficient (Particle-Wall) 0.5 

 

 

2.4 Results and discussion 

2.4.1 Damper torque generation mechanism of double-chmaber rotary particle 

damper 

The simulation results are shown in Figs. 2.5 and 2.6. To understand the 

compression force distribution on the particles, the simulations were conducted at ∅=45% 

and ∅=30% with the rotational speed of 60 rpm. From Figs. 2.5 and 2.6, high 

compressive force on the particles depends on the angle of the rotor. When the rotor 

moves, it pushes the elastomer particles in contact with the rotor. Particles in contact 

with the rotor push other particles. The compressive forces on the particles are 

investigated using simulation results. From Figs. 2.5 and 2.6, there are many particles 

with strong compressive forces near the rotor, due to which repulsive force from the 

particles to the rotor becomes strong. When the rotor is at the bottom region, the 

compressive force of particles is strong because the gravitational force is also acting on 

the particles. When the rotor is in the vertical position, as shown in Figs. 2.5(a) and 

2.6(a), the gravitational force pushes the particles downward (away from the rotor), so 
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there are weak compressive forces of the particles. The drop of particles from the top of 

the cylinder to the bottom of the cylinder provides the time delay of particle 

deformation to the motion of the rotor. 

 

 

Fig. 2.5 Compressive force acting on the particle, ∅=45 % and the rotational speed of 60 

rpm  (a)  0 degree, (b)  45 degree, (c) 90 degree, (d) 135 degree. The direction of 

rotation is counter-clockwise. 

 

From Figs. 2.5 and 2.6, when the rotor angle is the same in both cases, the 

compressive force of particles with 45% packing fraction, is higher than that with 30% 

packing fraction. An increase in packing fraction increases the number of particles 

which increases the elastic repulsive force. When the packing fraction is higher, the 

number of particles increases, and the empty space inside the damper becomes small. 

When the packing fraction is low, the particles move toward the empty space inside the 

damper. In other words, the damper torque increases when large numbers of particles 
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are used because the increase in the number of particles increases the particle-particle 

and particle-wall contacts, which produces larger frictional forces. 

  

 

Fig. 2.6 Compressive force acting on the particle, ∅=30 % and the rotational speed of 60 

rpm  (a)  0 degree, (b)  45 degree, (c) 90 degree, (d) 135 degree. The direction of 

rotation is counter-clockwise. 

 

   Figure 2.7 shows the torque vs. packing fraction as the typical case at the 

rotational speed of 60 rpm by varying the packing fraction and comparing the 

experimental results with simulation results. The tendency of the simulation results is 

the same as the experimental results. The Experimental results are slightly larger than 

the simulation results. The simulation results are qualitatively in good agreement with 

experimental results. One of the possible reasons behind the slight difference in 
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simulation and experimental results is the surface roughness of the particles and wall. 

The surface roughness factor is not considered in this simulation 

 

 

Fig.2.7 Experimental and simulation results of the torque versus packing fraction curve using 

elastomer particles of 3 mm diameter. The rotational speed is 60 rpm. 

 

2.4.2 Effect of paking fraction and rotor speed on damper torque 

Figure 2.8 shows the torque vs. packing fraction graph of the double-chamber 

rotary elastomer particle damper. Spherical elastomer particles of 3 mm diameter 

particles were used in this invesigtaion, because sperical elastomer particles are capable 

of producing higher damping in particle damper compare to other shapes [82]. There is 

the increase in damper torque as the packing fraction increases. The main reason for the 

decline in damper torque with the decrease of packing fraction is caused by the decrease 

in the number of particles. When the number of particles decreases inside the damper, 

the number of collisions between particles also decreases [83]. Friction also plays a 

significant role at high packing fraction; when particles are in close contact with each 

other, strong normal and tangential forces act on the particles [84]. Less friction 

between particles affects the damper torque because particle behavior is influenced by 

the normal interaction forces [85].  

When the packing fraction decreases, the total volume of void space in the damper 

increases. When the rotor pushes elastomer particles, the particles move to fill the gap 

of the damper. However, the empty space remains in the backside of the rotor. To 

understand this phenomenon, we compare the cases of 30% and 50% packing fractions. 
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In the case of 30% packing fraction, empty space exists inside the damper, while this 

space is very less in the case of 50% packing friction, as shown in Fig 2.9. At 30% 

packing fraction, when forces are acting on the particles by the rotor, the particle utilizes 

the available space inside the damper and move toward empty space; that is, in the case 

of 30% packing fraction, weak compression force acts on the particles. 

 

 

Fig. 2.8 The torque versus rotational speed curve when the diameter of particles is 3 mm 

 

In the case of 50% packing fraction, the particles are strongly compressed because 

of the quite small empty space available inside the damper (Fig 2.9), so the damper 

force is strong due to the strong frictional and elastic forces. From Fig. 2.8, ∅ = 50% 

higher damper torque of 2.998 Nm is obtained at the rotational speed of 60 rpm, and as 

the packing fraction decreases to 45%, 40%, and 30%, the maximum damper torque 

also decreases to 2.323 Nm, 2.167 Nm and 1.328 Nm even at the same rotational speed 

of 60 rpm.   

Damper torque also depends on the rotational speed of the damper, as shown in 

Fig.2.8. With the increase of rotational speed of the rotor, an increase in the damper 

torque is observed. One of the main reasons is that the forces acting on the particles are 

weak at low rotational speed because when the rotor pushes the elastomer particles, they 

utilize the space inside the damper and move towards that space. At the high rotational 
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speed of the rotor, particles do not have time delay to move toward the available space 

inside the damper. The second reason is the more number of impacts between particles 

at the high rotational speed of the rotor. High speed rotor pushes the elastomer particles 

with higher velocity and particles impact with other particles and transfer of energy 

occur between particle-particle and particle-wall. 

 

 

Fig.2.9 Simulation results at 50% and 30% packing fraction (a) more number of particles under 

compression 50% packing fraction, (b) less number of particles under compression at 30% packing 

fraction. 

 

2.4.3 Effect of size of elatomer particles on damper torque 

The double-chamber rotary damper using the particles with diameters of 3 mm, 4 

mm, 5 mm, and 6 mm was experimentally tested. In this section, a correlation between 

the damper torque and the size of elastomer particles is demonstrated. The increase of 

damper torque was observed due to the increase in the size of the elastomer particles. 

Figure 2.10 shows the damper torque in cases of the particle with 3 mm, 4 mm, 5mm, 

and 6 mm diameter at 60 rpm. The size of elastomer particles plays a significant role in 

increasing the damper torque of the rotary elastomer particle damper. From Fig. 2.10, 

the decline in the damper torque is observed when small diameter particles are used. 

Damper torques produced by the damper using the particles with 6mm, 5 mm, 4 mm, 

and 3 mm diameter particles at the packing fraction of 50% are 6.163 Nm, 4.128 Nm, 

3.216 Nm, and 2.998 Nm, respectively. The main reason behind the increase of the 

damper torque with the increase of particle size is the larger deformation capability in 
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large-sized particles. Larger particles produce stronger frictional forces acting on each 

other and on the damper wall surface. Larger particles have more contact areas, which 

results in the generation of high frictional forces. The diameter of elastomer particles 

and damper torque directly correlate with each other. 

 

 

Fig.2.10 The torque versus diameter of the particle curve at 60 rpm, using particles with 3 mm, 4 

mm, 5 mm and 6 mm diameter 

 

2.5 Conclusion 

In this section, the separated double-chamber rotary elastomer particle damper was 

prototyped and experimentally tested. The damper torque characteristics were examined 

by varying the packing fraction, size of particles and rotational speed of the rotor. The 

DEM analysis was performed for investigation of the particle behavior in the rotary 

elastomer particle damper. Particles infront of the rotor contributes more in generation 

of damper torque than the particles away from the rotor. Particles away from the rotor 

support the particles infront of the rotor. Gravity plays a significant role in incrasing and 

decreasing the damper torque according to location of the rotor inside the dampr. The 

simulation results agree well with the experiment results. It is clear that, increase in 

packing fraction, rotational speed of the rotor and size of the elastomer particles resulted 

in an increase in damper torque of rotary elastomer particle damper.  
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3. Experimental and Numerical Analysis of Single-Chamber 

Rotary Particle Damper 

3.1 Introduction 

In this section, the effect of using spherical and ellipsoidal elastomer particles 

(with different aspect ratios) on damper torque of rotary elastomer particle damper is 

investigated. The aspect ratio denotes the ratio of the major axis to the minor axis. The 

ellipse with an aspect ratio of 1:1 is a sphere. The effect of aspect ratio in a rotary 

elastomer particle damper has never been studies before; as well as the effect of mixing 

of spherical and ellipsoidal elastomer particles with 50:50 ratios can provide new 

insight to the research on particle dampers. It is hypothesized that the spherical 

elastomer particles in the rotary particle damper provide a strong damper torque than 

ellipsoidal elastomer particles. The mixture of spherical and ellipsoidal elastomer 

particles in the rotary particle damper may provide strong damper torque than the 

spherical elastomer particles. The main reason to select this type of rotary damper is its 

simple working mechanism. More number of particles can be accumulated in 

single-chamber rotary elastomer particle damper than the double-chamber rotary 

elastomer particle damper of same size. The single-chamber rotary damper can have 

several mechanical engineering applications, i.e., car seat suspension or automobile 

door closer because of its small size and simple structure. In the future, the prototype 

can easily be tested for practical application due to its small size. The effects of packing 

fraction; rotor speed and aspect ratio of particles on the damper torque of rotary 

elastomer particle damper are examined. To understand the behavior of particles inside 

the damper, the numerical simulations using the discrete element method and 

visualization experiments are performed. 

 

3.2 Experimental procedure 

3.2.1 Fabrication of elastomer particles 

TSE3466 is also used to investigate the effect of different shapes of elastomer 

particles on damper torque of rotary elastomer particle damper. TSE3466 is used to 

prepare elastomer particles with aspect ratios 1, 1.2, and 1.5. The effect of mixing the 

spherical and ellipsoidal particles at 50:50 ratios is also investigated. Figure 3.1 shows 
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the outlook of the elastomer particles used in our experiments. Some particles were 

colored in black and red for use in visualization experiments. 

 

 

Fig.3.1 Elastomer samples of TSE3466 particles, (a) spherical particles, and ellipsoidal particles with 

aspect ratio (b) 1.2 and (c) 1.5. 

 

TSE3453 and TSE3466 are used to investigate the effect of different types of 

materials on the damper torque of rotary elastomer particle dampers. TSE4553 is also a 

silicon rubber produced by Momentive Performance Material Company. The density of 

TSE3453 and TSE4366 is the same, while the tensile strength and hardness are different 

from each other. The basic properties of TSE3453 are shown in Table.3.1. 

 

 

Fig.3.2 Outlook of the elastomer particle made of TSE3466 and TSE3453 with 3 mm diameter 

 

Table.3.1 Properties of TSE3466 and TSE3453 

Material Density Shore hardness  (A) Tensile strength [MPa] 

TSE3466 1.10 60  7.4 

TSE3453 1.10 40 6.4 



名古屋工業大学 

28 

 

3.2.2 Single-chamber rotary elastomer particle damper 

 Figure 3.3 depicts the schematic diagram of the single-chamber rotary elastomer 

particle damper. To examine the torque due to the friction between damper parts, the 

damper's torque without inserting particles was investigated and perceived that the 

torque is negligible. The rotor used in this design is rectangular, and it is placed 2 mm 

offset from the axis of the damper. The rotor is fixed onto the rotor shaft with the help of 

a groove. The shaft provides rotational motion to the rectangular rotor of the damper. 

The rotor is supported by bearings (NTN 30202) on both sides. This bearing has the 

ability to sustain both axial and radial loads, which makes it suitable to be used in this 

rotary elastomer particle damper. A holder is used on one of the covers to hold the 

damper from rotation during experiments. SAE304 grade stainless steel is used to make 

the parts of the damper. 

 

 

Fig.3.3 Schematic diagram of the single-chamber rotary particle damper: (a) cross-sectional side 

views of the damper. (b) cross-sectional top views of the damper. a. body, b. cover, c. rotor, d. holder, 

e. shaft, f. bearings, g. elastomer particles 

 

3.2.3 Working mechanism of single-chamber rotary damper 

The rotary damper was prepared to investigate damper torque properties due to different 

shapes and types of elastomer particles. The particles inside the damper generate 

resistive forces in the direction of the motion of the rotor. In order to continue its motion, 

the rotor needs to apply forces to overcome the resistive forces produced by the 
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particles. Due to the resistive forces from particles, energy dissipation occurs, which 

results in the generation of damper torque [73, 74]. In a single-chamber rotary elastomer 

particle damper, the repulsive forces from the particles can be produced due to elastic 

deformation and collision of particle-particle and particle-wall of the damper. When the 

rotor moved the particles deformed due to forces from neighboring particles, rotor, and 

walls of the damper.  

 

3.2.4 Experiemental setup 

Figure 3.4 is the schematic diagram of the experimenta1 setup used in this research. The 

torque meter (UTM II, Unipulse Corporation) was used to measure the damper torque. 

The motor was used to rotate the shaft of the damper. The shaft and damper were joined 

together with couplings. The control unit controlled the rotational speed of the motor. 

The results were obtained by performing experiments three times on each prepared 

sample. Before starting experiments, 5 to 6 revolutions at high rpm were given to settle 

down the particles at random locations. The experiments were performed at each 

packing fraction till 20 revolutions of the shaft.  In this study, the increase in 

temperature of the cylinder of the damper was monitored during the experiments. Few 

degrees rise in temperature was detected, however, it did not change the mechanical 

properties of TSE3466, so the effect of temperature can be negligible. 

 

 

Fig. 3.4 Schematic diagram of experimental setup 
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3.3  Numerical simulation and visualization of the single-chamber 

rotary elastomer particle damper 

3.3.1  Numerical simulation  

The DEM by Cundall and Strack [77] is a well-known tool for simulating particle 

behavior. DEM community faced problems in simulating non-spherical particles. Thus, 

the DEM is used only for analysis of the behavior of spherical elastomer particles, 

whereas the visualization technique is used to understand the behavior of ellipsoidal 

elastomer particles. The DEM is based on Newton's laws of motion which is explained 

in detail in the previous section 2.3. According to the model, normal contact force acts 

in the line of centers of the colliding particles, whereas the tangential contact force acts 

perpendicularly to the line of centers. For calculating the velocity, displacement, and 

angular velocity of the particles, the Adams-Bashforth method of second-order accuracy 

was used. The simulation was conducted at the packing fractions of 40%, 50%, 55% 

and 60%. The particle diameter was 3 mm and the rotor speed was 60 rpm. The friction 

coefficient was 0.5 in this simulation [81], and the time step was 7.5×10
-9 

sec.  The 

density of particle was 1.10×10
3 

kg/m
3
. Particle’s Poisson ratio and wall’s Poisson ration 

were 0.5 and 0.3. The analytical model for the rotary elastomer particle damper was the 

same as the rotary damper used for experiments as shown in Fig. 3.3.  

 

3.3.2 Visualization experiments 

Visualization tests were conducted using transparent damper bodies and 

observations were made by naked-eye, and video recording. We conducted numerical 

simulations as well visualization in which the damper body was prepared of an acrylic 

transparent material. The visualization provided cognitive visual cues for the in-depth 

analysis of the motion of the particles. The video of the elastomer particle motion 

showed seemingly random motion, with some particles having small displacement 

compared to other particles. Video recording helped to extract and present serial images 

pairs of time separation from the videotaped sequence. It seemed difficult to keep track 

of the motion of particles because all particles look similar in color and shape, thus 
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some colored particles were prepared and mixed with other particles, which made visual 

study a lot easier. Particle’s motion of the single-chamber rotary elastomer particle 

damper was observed at 60 % packing fraction at 1~60 rpm. Particles were observed till 

the 20 complete rotations of the rotor. It was impossible to observe the particles' motion 

at normal rotational speed, so slow-motion videos were recorded. By watching 

slow-motion videos, it was concluded that the basic behavior of particles inside the 

damper at high rotational speed remains the same as low rotational speed. High 

rotational speed only increases the speed of the motion. 

 

3.4 Results and discussion 

3.4.1 Visualization of behavior of spherical particles 

Figure 3.5 shows the visualization of the behavior of the spherical particles at the 

rotor speed of 60 rpm and 60% packing fraction. Sequential photos were taken from the 

video at every 0.01 sec. We focused on the motion of the particle i. From Fig. 3.5 (a), 

where the rotor of the damper can be seen easily; this is the location where particle i 

appears on the screen at time t=0.01 sec. At time t=0.02 sec, particle i collides with a 

colored particle; we name it particle j as shown in Fig. 3.5 (b). After a collision at t=0.03 

sec, particle j scatters away from particle i at a very high velocity, as shown in Fig. 3.5 

(c). At t=0.06 sec particle k collides with particle i as shown in Fig. 3.5 (f). Due to this 

collision at t=0.07 and 0.08 sec, particle k bounces back towards the bottom of the 

cylinder, as shown in Fig. 3.5 (g) and (h). At time t=0.10 sec, the particle i is in contact 

with another colorless particle l as shown in Fig. 3.5 (j). Particle i and particle l collide 

with each other at t=0.11 and t=0.12 sec and both particles start to bounce back from 

each other due to collision, as shown in Figs. 3.5 (k) and (l). At time t=0.14 sec, particle 

i is collides with a new colored particle m; particle i and m does not bounce back from 

each other and keep on moving forward by applying strong compressive forces on each 
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other. Due to high-intensity forces, deformation in their shapes can be seen in Figs. 3.5 

(n) and (o). At time t=0.15 sec, the particles are strongly compressed, however, they are 

rotating each other because of which frictional forces are produced. 

It is observed from the visualization that the particles near the rotor are strongly 

compressed than the particles away from the rotor. The particles near the rotor apply 

repulsive forces by applying strong compressive forces. The particles away from the 

rotor apply repulsive forces due to collision between particles. Repulsive forces from 

the particles resist the motion of rotor and frictional forces are produced. Particles near 

the rotor have strong compressive forces because they are supported by the other 

particles. So the damper torque is produced due to repulsive forces from the particles. 

Repulsive forces are produced due to collision and compression between particles.  

  

3.4.2 Visualization of behavior of ellipsoidal particles 

From Fig. 3.6(a), the particle i can be seen on the screen, particle i keeps on 

moving forward with a rolling motion, as shown in Fig.3.6 (b). As the particle i moves 

forward, it comes in contact with the particle j and k, as shown in Fig. 3.6 (c). After 

collision with the particle i, the particle k bounces back, however, the particle j keeps in 

contact with the particle i, and they apply compressive forces on each other as shown in 

Fig. 3.6 (d). At time t=0.08 sec, the particle i comes in contact with particle l and m. The 

particles l and m are applying strong compressive forces on the particle i, because of 

deformation in the particles. They do not separate from each other because of lack of 

collision and rolling motion, as shown in Figs. 3.6 (h) and 3.6 (i).  After contacting 

with the particle i, the particles m and l do not bounce back. After this point, no more 

collisions are observed because the particles are into a jammed state. The particle i 

moves forward while being in contact with the particles l, m, and n from Fig. 3.6 (j) to 

3.6 (o). One important thing is noticed in Figs. 3.6 (m), (n) and (o) that dense cluster of 

particles is formed where they stop to rotate. 
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The ellipsoidal elastomer particles have less number of collisions than that of 

spherical particles and the rotational motion between ellipsoidal particles is less than 

that of the spherical particles. The numbers of collisions are less in the ellipsoidal 

particle due to less rotational motion between particles. The ellipsoidal particles have 

less rotation due to line contact with each other and walls of the damper. The line 

contact between particles produces an interlocking between particles which enable them 

to rotate each other. In other words, the contact surface between ellipsoidal particles is 

more than the spherical particles [82]. Increase in contact surface produces friction in 

rotation between ellipsoidal particles. In spherical particles contact surface is smaller 

than that of the ellipsoidal particles, which let them easy to rotate each other. In a 

particle damper for producing higher damper torque, it is important that particles have 

compressive forces while having rotational motion between each other. When particles 

are strongly compressed than the numbers of collisions between particles reduce. From 

Figs. 3.6 (m), (n) and (o), in case of ellipsoidal particles the strong compression region 

is formed. There are more number of collisions of spherical particle i, whereas number 

of collision of ellipsoidal particle i are significantly less than the spherical particle.  
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Fig. 3.5 Visualization of spherical particles at 60 % packing fraction, t = (a) 0.01, (b) 0.02, (c) 0.03, 

(d) 0.04, (e) 0.05, (f) 0.06, (g) 0.07, (h) 0.08, (i) 0.09, (j) 0.10, (k) 0.11, (l) 0.12, (m) 0.13, (n) 0.14,  

(o) 0.15 sec. 
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Fig. 3.6 Visualization of ellipsoidal shape particles at 60 % packing fraction, t = (a) 0.01, (b) 0.02, (c) 

0.03, (d) 0.04, (e) 0.05, (f) 0.06, (g) 0.07, (h) 0.08, (i) 0.09, (j) 0.10, (k) 0.11, (l) 0.12, (m) 0.13, (n) 
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0.14,  (o) 0.15 sec. 

3.4.3 Damper torque generation mechanism of single-chamber rotary particle 

damper 

The behavior of elastomer particles and the compressive force acting on the 

elastomer particles were analyzed based on the simulations as shown in Fig. 3.7. The 

damper produces a damper torque because of elastomeric forces generated due to 

compression of the particles and the frictional forces between particle-particle and 

particle-wall. Particles near the rotor have high compressive force because of the strong 

forces from the rotor. Particles near the rotor are also supported by other particles. 

Particles produce repulsive forces, which create resistance in the motion of the rotor. 

Repulsive forces applied by the particles are produced due to friction and collisions 

between particle-particle and particle-wall. Gravity also plays a significant role in 

increasing the damper torque. The compressive force between particles is actually 

pressing the particles against the wall, and the increase of frictional force occurs, so the 

repulsive force applied by the particles on the rotor, due to which damper torque 

produces. From Fig. 3.7, the distribution of strongly compressed particles changes 

according to the angle of the rotor. The particles in contact with the rotor have strong 

compressive force. At 90 degree and 180 degree angles of the rotor, the compressive 

force of the particles becomes strong due to gravitational force. The gravitational force 

resists the particle's motion, and particles apply strong repulsive forces on the rotor. 

When the rotor is at 270 degree, the particles drop from top to bottom on the left side 

due to gravitational force. Gravity pushes the particles away from the rotor, so the weak 

compression forces can be seen at 270 degrees. The compressive force is stronger at 0 

degree than 270 degrees because at 0 degree; the gravity is acting on the particles in 

downward direction. Gravity holds the particles which incrases the frictional force.  

Other particles support the particles around the rotor, so the strong compressive 

forces can be seen in Fig. 3.7 (a). Figure 3.8 shows the torque vs. time graph of 

simulation and experimental results of spherical particles at a rotor speed of 60 rpm.  

The fluctuation in the damper torque at different time steps is due to the different angles 

of the rotor. The strong damper torque seems to be at the 90 degree angle of the rotor 

because large numbers of particles are strongly compressed, as shown in Fig 3.7 (b). 

Damper torque is weak at the 270 degree angle of the rotor because the number of 

strongly compressed particles is less, as shown in Fig. 3.7 (d). 
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Fig.3.7 Compressive force acting on the particle, ∅=60% and the rotor speed of 60 rpm, 

the angles of the rotor are  (a)  0 degree, (b)  90 degree, (c) 180 degree, and (d) 270 

degree. The direction of rotation is counter-clockwise. 

  

Figure 3.9 shows the torque vs. packing fraction graph for comparing the 

simulation and experimental results of spherical particles at rotor speed of 60 rpm. The 

tendency of the simulation curve is almost the same as the experimental curve. The 

simulation results show a slight deviation compared to experimental results with the 

increase of packing fraction. This can be possibly due to less number of collisions 

between simulated particles compare to experiments. This problem can be avoided in 

the future by random displacement of particles to new locations. 
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Fig.3.8 Time history of the typical damper torque, the packing fraction is 60% and the rotational 

speed is 60 rpm 

 

 
Fig.3.9 Experimental and simulation results of the torque versus packing fraction curve using 

elastomer particles of aspect ratio 1. The rotational speed is 60 rpm. 

 

 

3.4.4 Effect of paking fraction and rotor speed on damper torque 

Figure 3.10 shows the torque vs. packing fraction of the spherical elastomer 

particles (aspect ratio 1) and ellipsoidal elastomer particles (aspect ratio 1.2 and 1.5). 

Similar observations are made with elastomers of spherical and ellipsoidal particles; 

they both showed an increase of damper torque with the increase of packing fraction. 

The main reason is that number of particles decreases inside the damper with the 
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decrease of packing fraction [83]. In the particle dampers, the number of particles 

packed in the damper influences the damping behavior substantially. Even a small 

variation in particle number leads to a significant change in damping behavior. When 

the number of particles decreases, the volume of void space in the damper increases. At 

a low packing fraction, when the elastomer particles are pushed by the rotor, the 

particles move towards the void space. Due to void space, the particles do not apply 

strong frictional forces on each other and the walls of the damper [20]. However, when 

the void space is small, the particles are held by neighboring particles, so the elastomer 

particles' compression increases. The elastic deformation of particles plays a significant 

role in increasing the elastic repulsive force. When the void space inside the damper is 

small, the particles have strong elastic repulsive forces. To understand this phenomenon, 

we compare the cases of 30% and 50% packing fractions. In the case of 30% packing 

fraction, empty space exists inside the damper, while this space is very less in the case 

of 50% packing friction, as shown in Fig 3.11. At 30% packing fraction, when forces are 

applied on the particles by the rotor, the particle utilizes the available space inside the 

damper and move toward empty space; that is, in the case of 30% packing fraction, 

weak compression force acts on the particles. 

From Fig. 3.10, the damper torque increases not only because of the packing 

fraction but also the rotational speed of the rotor.  One of the main reasons is that the 

forces acting on the particles are not strong enough at low rotation speed because 

elastomer particles utilize the void space inside the damper and move towards the voaid 

space. At high rotation speed, the particles do not have enough time delay to move 

toward the available voaid space inside the damper. The second reason is the increase in 

the number of impacts between particles-particle and particle-wall at the high rotation 

speed of the rotor. A high-speed rotor pushes the elastomer particles with higher velocity, 

and particles impact with other particles, and transfer of energy occurs between 
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particle-particle and particle-wall. 

 

Fig.3.10 The torque versus rotor speed curve using particles with aspect ratio (A.R.) of 1, 1.2 and 

1.5. 

 

 

Fig.3.11 (a) more number of particles under compression 50% packing fraction, (b) Less number of 

particles under compression at 30% packing fraction. 

 

3.4.5 Effect of shape of elastomer particles on damper torque 

Figure 3.12 shows the damper torque and aspect ratio graph by varying the packing 

fraction at a rotor speed of 120 rpm. As the aspect ratio increases, the damper torque 

decreases. Spherical elastomer particles can produce higher damper torque compare to 

ellipsoidal elastomer particles. In the case of spherical particles, rotational motion is 

dominant, resulting in low shear resistance [86]. An increase in aspect ratio increases 
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the interlocking, which decreases the rotation tendency [87]. As a consequence, 

ellipsoidal particles slide over each with strong frictional shear resistance [88]. Due to 

the strong shear forces of ellipsoidal particles, the collisions and rotation between 

particle-particle and particle-wall decreases. To produce higher damper torque, particle 

rotation and particle translation is dominant factor [89-91]. For samples made of higher 

aspect ratio, rotation between particles becomes less significant [92, 93]. 

 

 

Fig.3.12 Torque versus aspect ratio curve at rotational speed of 120 rpm 

 

3.4.6 Effect of mixing of spherical and ellipsoidal particles 

Single-chamber rotary elastomer particle damper is used to investigate the effect of 

mixing spherical and ellipsoidal particles on damper torque. Figure 3.13 shows the 

experimental results of the mixture of spherical and ellipsoidal particles with 50:50 

ratios. The graph shows that the spherical elastomers produce higher damper torque; 

however, the 60% packing fraction provideresults provide new insight into the analysis. 

The mixed mode was expected to provide higher damper torque due to combination of 

strong normal and shear forces. The mixed mode showed the expected results at 60% 

packing fraction because at 60%, the void gaps reduced due to an increase in the 

number of particles. At a low packing fraction, the gaps inside the damper are not letting 

particles apply strong normal and tangential contact forces at each other and walls of the 

damper. The maximum damper torque of mix mode at 60% packing fraction is 4.7 Nm, 
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which is observed at 45 rpm. The damper torque starts to decline after 45 rpm because 

the rotational motion of the particles decreases after 45 rpm. At high rpm, some of the 

particles in front of the rotor start to slide instead of rotating. Particle sliding decreases 

the rotational motion, and the number of collisions also decreases [94-95]. Particle 

sliding may produce a dense cluster region inside the damper, which decreases the 

damper torque after 45 rpm. We can expect to derive the strong damper torque by 

mixing spherical and ellipsoidal particles when the packing fraction is high. In the near 

future, the damping torque at higher packing fraction with mixing ratios of 60:40, 70:30, 

and vice versa should be investigated. 

 

 

Fig.3.13 The torque versus rotor speed curve using a mixture of spherical and ellipsoidal particles. 

 

3.4.7 Effect of type of elastomer particles on damper torque 

Effect of type of elastomer particles on damper torque was investigated.The 

single-chamber rotary elastomer particle damper is used to investigate the effect of the 

type of elastomer particles. Elastomer particles made from TSE3466 and TSE3453 were 

used inside the damper as a damping medium. Figure 3.14 shows the torque vs. 

rotational speed curve of particles made from TSE3466 and TSE3453. In the graphs, the 

dotted lines represent the test results of particles made from TSE3453, and solid lines 

represent the results of the particle made from TSE3466. It is observed that particles 

made from material with higher tensile strength and hardness can produce higher 

damper torque than those made from materials with lower tensile strength and hardness 

[96, 97]. The tensile strength of TSE3466 is 7.4 MPa, and the hardness is 60, whereas 
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the tensile strength of TSE3453 is 6.4 MPa, and the hardness is 40. TSE3453 has low 

hardness, so the particles made of TSE3453 deformed extensively during compression, 

so these particles were unable to generate high resistive forces like particles made from 

TSE3466. 

 

Fig.3.14 The torque versus rotor speed curve using particles made from TSE3466 and TSE3453 with 

aspect ratio 1.   

 

3.5 Conclusion 

The single-chamber rotary elastomer particle damper was prototyped and 

experimentally analyzed. Torque characteristics of the single-chamber rotary damper 

were studied with different packing fraction, rotor speed, type of elastomer materials, 

and aspect ratio of elastomer particles. The DEM simulation was conducted to 

investigate the behavior of spherical particles, while the behavior of the ellipsoidal 

particle was investigated by the visualization experiments. Increase of the packing 

fraction and the rotor speed increases the damper torque. Increase in aspect ratio of 

particles decreases the damper torque. The damper torque characteristics can be 

controlled by changing not only the packing fraction but also the aspect ratio of the 

ellipsoidal elastomer particles. Mixing of spherical and ellipsoidal particles at 50:50 

ratios in rotary particle damper at 60% packing fraction increases the damper torque. 

Elastomer particles made of materials with higher tensile strength and hardness can 

produce higher damper torque. 
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4. Rotary Elastomer Particle Damper, the Effect of Gap and 

No-gap between Rotor and Cylinder 

 

4.1 Introduction 

Several factors can affect the damping performance of particle dampers, such as 

packing fraction and size of particles. However, due to the change in these parameters, 

there was a massive change observed in damping properties of damper because these 

changes can cause a change in the cooperative moment of damping particles. The gap 

between the rotor and cylinder can also significantly change the cooperative moment of 

particles inside the damper. The performance of a particle damper is affected by the 

packing fraction and size of particles. None of the studies examined the role of the gap 

between the rotor and the cylinder in a rotary elastomer particle damper. So it is 

essential to do an in-depth study on the behavior of elastomer particles considering the 

effect of the gap between the rotor and cylinder, which can affect the damping 

capabilities of a rotary elastomer particle damper. This research provides new insight 

into the research on particle dampers. In addition, the findings of this research can help 

academia and industry to design more efficient rotors for particle damper applications. 

This section proposes rotary elastomer particle dampers with gap and no gap between 

rotor and cylinder. 

It is expected that the rotary elastomer particle damper with the gap between rotor 

and cylinder can provide a strong damper torque than the rotary elastomer particle 

damper with no gap between rotor and cylinder. Rotary elastomer particles damper with 

no gap model produces torque due to resistance of particles due to friction and collision 

between particle-particle and particle-wall of the damper but in case of rotary elastomer 

particle damper with gap model, extra layers of strongly compressed elastomer particles 

can enter the gap between the rotor and the body. Because of the elastic properties of the 

elastomer particles, the particles in the gap region can provide high repulsive forces in 

the motion of the rotor. The shear deformation is an important factor in ensuring high 

damping of the particle damper having gap between rotor and cylinder. When the 

particles are small in size and cross through the gap between rotor and cylinder without 

going through shear deformation, which is not beneficial for achieving a high damper 

torque. However, the large size particles of can go through high shear deformation while 

crossing the gap between rotor and cylinder thus, there is a direct co-relation between 
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repulsive forces from the particles and damper torque. 

 In this chapter the damper torque characteristics of rotary elastomer particle 

damper having the gaps between the rotor and damper body were investigated. The 

effects of packing fraction, rotor speed and size of elastomer particles on damper torque 

were examined. The behavior of elastomer particles inside the damper were analyzed by 

numerical simulations using the DEM. 

 

4.2 Experimental procedure 

4.2.1 Rotary damper with gap and no-gap between rotar and cylinder 

The schematic diagram of the damper used in this experiment is shown in Fig. 4.1; the 

damper consisted of the body, cover, rotor, holder, shaft, and bearings. All dimensions in 

the figure are in millimeters (mm). In this damper, the holder’s job was to hold the 

damper while performing experiments; it stopped the damper body from rotation. There 

were two tapered roller bearings (NTN30202) used in the damper, which supported the 

rotor of the rotary damper with gap damper. The parts other than the bearings were 

made of stainless steel SAE304. The damper was tested with no particles inside, and it 

produced quite small damping torque, so it can be stated that bearings and damper parts 

do not affect the test results. Due to the gap between the rotor and cylinder, an extra 

layer of elastomer particle can create a high frictional region on both sides of the rotor. 

The main reason behind selecting this damper is its simple working mechanism, which 

helped to understand and answer the article’s primary research question. This damper 

size is suitable for several mechanical engineering applications, i.e., car seat suspension 

or automobile door closer. In the future, the prototype can easily be tested for practical 

application due to its small size. 
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Fig.4.1 Schematic diagram of the damper with gap between rotar and cylinder. (a) Cross-sectional 

side view and (b) cross-sectional top view. 

 

4.2.2 Working mechanism of the damper with gap between rotar and cylinder 

The working mechanism of the damper is simple. As the shaft of the damper moved, the 

rotor attached to the shaft also started to move. As the rotor moved, it forces the 

elastomer particles to move in the direction of the rotor. The rotor pushes elastomer 

particles to move forward. Elastomers generate resistive forces in the motion of the 

rotor. These resistive forces are elastic forces, frictional forces, and viscous forces. 

These forces act between particle to particle and particle to wall of the damper. Due to 

the influence of these resistive forces, the damper generates a damping torque. The 

working mechanism of the damper with the gap between rotor and cylinder is different 

from the double-chamber rotary elastomer particle damper. The damper with the gap 

between rotor and cylinder particles can from one section of the damper to the other 

section. Particles that enter the gap between the rotor and cylinder can go through an 

enormous compression phase, resulting in a strong friction region inside the 

damper.  The gap between rotor and cylinder can cause an increased stresses due to 

strong shear deformation of particles. Large size particles due to large contact area and 

large deformation capability can go through strong shear deformation.  
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4.3 Results and discussion 

4.3.1 Torque generation mechanism of rotary damper with gap and no-gap 

between rotar and cylinder 

We have performed extensive experiments to analyze the damper torque 

performance of rotary elastomer particle dampers. The qualitative and quantitative 

analysis of the rotary damper is also performed via numerical simulation. The purpose 

of the simulation is to allow us to analyze the behavior of the elastomer particles inside 

the damper. We first present simulation and experiment results to study the behavior of 

particles, followed by a detailed analysis of the damper torque properties using rotary 

elastomer particle damper with gap and no-gap model prototypes. Figures 4.2 and 4.3 

show the torque versus time graph of the gap and no-gap models of the rotary elastomer 

particle damper. Figures 4.2 and 4.3 show the simulation results and the experimental 

results of rotary elastomer particle damper at 60 rpm and 50% packing fraction using 

particles of 3 mm diameter. To investigate the effect of particle deformation and particle 

sliding, decomposition of both the factors based on simulation results is conducted. The 

decomposition results are taken from 50% packing fraction at 60 rpm, using 3 mm 

diameter elastomer particles. From Fig. 4.4, the torque due to particle deformation is 

higher than the torque due to sliding friction. The dominant source of torque generation 

is particle deformation, so the compression force on particles plays a significant role in 

producing higher damper torque. Particles under higher compressive forces tend to 

generate strong repulsive forces in the rotation of the rotor. Due to repulsive forces from 

the particles, damper torque is produced by the damper. 
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Fig.4.2 Time history of the rotary damper with gap model using 3 mm diameter particles, the 

packing fraction is 50% and the rotational speed is 60 rpm 

 

 

Fig.4.3 Time history of the rotary damper with no-gap model using 3 mm diameter particles, the 

packing fraction 50% is and the rotational speed is 60 rpm 

 

Figure 4.5 shows the experimental and simulation results of the torque versus 

packing fraction curve using elastomer particles of 3 mm diameter in the no-gap model. 

The results are taken from the rotational speed of 60 rpm. From Fig. 4.5, the simulation 

results are in good agreement with experimental results. The experimental curve shows 

slightly higher torque than simulation results; this may be because of the surface 

roughness factor of the particles, which is not considered in the simulation. In our future 

research, this difference between experimental and simulation results can be reduced by 

considering the effect of the surface roughness factor in simulations.  However, the 
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accuracy of DEM simulation has been largely overlooked due to the lack of suitable 

stochastic DEM data. DEM simulation can fill the needs currently but high-accuracy 

open access DEM can also be produced.We therefore encourage scientists to embrace 

particle damping simulation using DEM ensembles and try to increase the accuracy by 

collaboration with DEM vendors and scientists alike.  

The design with gap and no gap between rotor and cylinder produced no audible 

noise is generated experiments. Due to the elastic nature of elastomer particles, they 

deform on collision and compression but no audible noise is generated. Due to the 

collision between elastomer particles, the sound is inaudible to humans, but it may be 

possible to record or measure it using a microphone. Figures 4.6 and 4.7 show the 

qualitative results obtained from the rotary elastomer particle damper simulation with 

no gap and gap models. To investigate the force of compression on the elastomer 

particles, the simulations were conducted at 50% packing fraction at the rotational speed 

of 60 rpm, using 3 mm diameter elastomer particles. 

From Figs. 4.6 and 4.7, the strength of compressive force on the particles depends 

on the rotor’s location inside the cylinder. When the rotor rotates, it forces the elastomer 

particles to move forward in the direction of the rotor rotation. Particles in front of the 

rotor push other particles to move forward. The force of compression on the elastomer 

particles is investigated using simulation results. From Figs. 4.6 and 4.7, several 

particles have a strong force of compression near the rotor, due to a strong repulsive 

force from the elastomer particles. When the rotor is at the bottom area of the cylinder, 

the force of compression is strong because the gravitational force is also acting on the 

particles. The elastic repulsive force of particles is produced by the collision of 

elastomer particles and frictional forces between particle-particle and particle-wall.  

It is important to mention that the rotary damper with the gap between rotor and 

cylinder and no-gap between rotor and cylinder may look similar, but in the case of the 

gap model, due to the gap between the damper body and the rotor, an extra layer of 

elastomer particles are formed. In the gap between rotor and cylinder, particles are 

under a strongly compressed state. The shear deformation rate of elastomer particles is 

high while passing through the gap between rotor and cylinder. Due to strong shear 

deformation of elastomer particles in the gap region a strong friction zone inside the 
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damper is produced. 

 

 

 

Fig.4.4 Time history of the rotary damper with no-gap model using 3 mm diameter particles, 

decomposition of torque due to particle deformation and torque due to sliding friction 

 

 

Fig.4.5 Experimental and simulation results of the torque versus packing fraction curve using 

elastomer particles of 3 mm diameter in no-gap model. The rotational speed is 60 rpm. 
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Fig.4.6 Compressive force acting on the particle inside the rotary damper with no-gap model, 

packing fraction 50% and the rotational speed of 60 rpm (a) 0 degree, (b) 45 degree, (c) 90 degree, 

(d) 135 degree. The direction of rotation is counter-clockwise 
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Fig.4.7 Compressive force acting on the particle inside the rotary damper with gap model, packing 

fraction 50% and the rotational speed of 60 rpm (a) 0 degree, (b) 45 degree, (c) 90 degree, (d) 135 

degree. The direction of rotation is counter-clockwise 

 

4.3.2 Effect of paking fraction and rotor speed on gap and no-gap rotary 

elatomer particle damper 

 Rotary elastomer particle dampers with gap and no-gap show an increase in 

damper torque with the increase of packing fraction. Figure 4.8 shows the torque vs. 

packing fraction graph of the no-gap model of the rotary elastomer particle damper. 

Figure 4.9 shows the torque vs. packing fraction graph of the gap model of rotary 

elastomer particle dampers. Similar observations are made in gap and no-gap models of 

rotary elastomer particle dampers; they both showed an increase in damper torque with 

the increase of packing fraction. The main reason is that the number of particles 
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decreases inside the damper with a decrease in packing fraction [97]. A small variation 

in particle number leads to a large change in damping behavior. A decrease in the 

number of particles increases the volume of void space in the rotary elastomer particle 

damper. When elastomer particles are moved forward by the rotor at a high packing 

fraction, the particles do not have void spaces available.  

 

 

Fig.4.8 The torque versus packing fraction curve of rotary damper with no-gap between rotor and 

cylinder, using 3 mm diameter particle made from TSE3466 

 

When there is void space, particles do not apply strong frictional forces on each 

other and the walls of the damper [98, 99]. However, when the void space is large, the 

particles are not strongly compressed by neighboring particles, so particles produce 

weak repulsive forces. The elastic deformation of elastomer particles inside the damper 

plays a vital role in increasing the damper torque. In short, when there are less void 

spaces inside the damper, particles can produce strong damper torque. As illustrated in 

Figs. 4.8 and 4.9, the damper torque increases not only because of the packing fraction 

but also the rotational speed of the rotor. One of the important factors which cause an 

increase in damper torque with the increase of rotor speed is the normal and tangential 

forces acting on the elastomer particles are strong at the high speed of the rotor. The 
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second reason is the increase in the number of collisions between particles-particle and 

particle-wall. A high-speed rotor pushes the elastomer particles with higher velocity, and 

particles collide with neighboring particles with high velocity, and loss of energy takes 

place. From Fig.4.9, at low rotation speed upto 10 rpmsof the shaft, the damper torque 

of rotary damper with the gap between rotor and cylinder is higher than the rotary 

damper with no-gap between rotor and cylinder. At rotation speed higher than 10 rpm of 

the shaft, the rotary elastomer damper with no-gap model has higher damper torque than 

the rotary damper with gap model using 3 mm diameter particles. From 1 to 10 rpm the 

gap-model produced higher damper torque because particles are crossing the gap region 

by rolling motion at low speed of rotor. At the high rpm of the shaft, the particle’s 

rolling motion is converted to sliding motion [100] when passing through the gap region. 

In conclusion, due to sliding motion at high rpm, compressive force on particles reduced; 

that is why, the no-gap model’s damper torque is higher than the rotary damper with gap 

model at rotation speed higher than 10 rpm. 

 

 

Fig.4.9 The torque versus packing fraction curve of rotary damper with gap between rotor and 

cylinder, using 3 mm diameter particle made from TSE3466 

 

It is worth mentioning that an increase in packing fraction and the rotational speed 

increases the damper torque, however, it has certain limitations. At high rotational speed 

such as 100 and 120 rpm, breaking rate of the particle is higher. Similarly, high rpm of 
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the rotor for a long period can also break the particles. 

Previous studies [3, 37 and 85] showed that, when the packing fraction is higher 

than certain value, decline in the damping is observed in metallic particle dampers, 

while in the case of elastomer damper at the packing fraction up to 50%, the damper 

torque kept increasing. We could not observe the limit of packing fraction which the 

damper torque may reduce in rotary elastomer particle damper because; it is difficult to 

close the cylinder at high packing fractions such as 70% and above. 

 

4.3.3 Effect of size of elastomer particles on damper with gap between rotor and 

cylinder 

The particles of 3 mm, 4 mm, and 5 mm made from TSE3466 were experimentally 

tested. This section of the study demonstrates a correlation between the damper torque 

and the size of elastomer particles. Although the mass ratio is kept constant, the number 

of particles would vary. In the case of the gap and no-gap model increase in damper, 

torque is observed with the increase of the size of the elastomer parties. 

    Figure 4.10 shows the collective results of 3 mm, 4 mm, and 5 mm diameter 

particles at 60 rpm. It is observed that the size of elastomer particles plays a significant 

role in increasing the damper torque of a rotary elastomer particle damper. A significant 

increase in damper torque is obtained when 5 mm diameter elastomer particles are used. 

The main reason behind the increase in the damper torque with the increase in particle 

size is the higher deformation capability in large-sized particles. Due to collision and 

friction between particles and damper body, the velocity of the adjacent particles drops. 

Particle velocity drops when two particles collide with each other and compress each 

other. The greater energy dissipation and damping take place when collision and 

compression are transferred to neighboring particles. Large particles have more contact 

area and can deform more than small particles under a compressed state. In brief, large 

size particles tend to produce strong repulsive forces so resulting in strong damper 

torque. It is worth mentioning that when 5 mm diameter particles are used inside the 

rotary damper with gap mode, it produces higher damper torque than the rotary damper 

with the no-gap model. 

   When the particles of 5 mm diameter enter into the gap, the particles were under 
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intense compressive force due to larger deformation capability. In summary, unlike 3 

mm and 4 mm diameter particles, 5 mm particles are in a strongly compressed state 

even at high rpm, resulting in a strong damper torque generation. 

 

 

Fig.4.10 The torque versus diameter of the particle curve of rotary damper with gap and no-gap 

models at 60 rpm 

 

4.3.4 Effect of gap between rotor and cylinder 

As illustrated in Fig.4.11, damper torque of rotary damper with gap model using 3 mm 

diameter particles is higher than no-gap model at the rotataion speed up to 10 rpm. At 

the low rotation of the shaft, particles slowly cross through the gap region, while easily 

rotating through the gap. This rotation of particles turns into a sliding motion when the 

rotor strongly pushes particles at high rotation speed (more than 10 rpm). In summary, 

particles do not go through enormous compression at high rotation speed while crossing 

through the gap region. At high rotation speed, they quickly cross the gap region by 

sliding, which results in weak compressive forces on the particles. However, in the case 

of the rotary damper with the no-gap model, the neighboring particles support particles 

in front of the rotor. In the gap model, the particles cross from the gap region, so at high 

rotation speed, the neighboring particle’s support is weak compare to the rotary damper 

with no-gap.  
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Fig.4.11 The torque versus rotational speed curve of rotary damper with gap and no-gap using 3 mm 

diameter elastomer particles 

 

 

Fig.4.12 The torque versus rotational speed curve of rotary damper with gap and no-gap models 

using 5 mm diameter elastomer particles 

 

From Fig.4.12, interesting results were obtained when elastomer particles of 5 mm 

diameter are used. The damper torque of the rotary damper with the gap model is larger 

than the rotary damper with the no-gap model when 5 mm diameter particles are used. 

Because of the higher deformation capability of 5 mm diameter particles compare to 4 

mm and 3 mm diameter particles. 5 mm diameter particles have more contact area, and 
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they can deform more under a compressed state. In conclusion, 5 mm diameter 

elastomer particles tend to produce strong repulsive forces, resulting in strong damper 

torque. In summary, unlike 3 mm and 4 mm diameter particles, 5 mm particles are in the 

strongly compressed state even at high rotation speed, resulting in a strong damper 

torque generation. 

4.4 Conclusion 

We investigated the effect of change in packing fraction, rotor speed and size of 

elastomer particles on the damper torque. Prototypes of the rotary elastomer particles 

damper with gap and no-gap between rotor and cylinder were prepared to observe the 

damper torque performance of rotary elastomer damper. Spherical elastomer particles 

made from TSE3466 were tested in the rotary damper with 3 mm, 4 mm, and 5 mm 

diameters. An increase in damper torque is observed by increasing the packing fraction. 

Particles made of TSE3466 were tested to observe the effect of the particles' size on 

damper performance. It is proved that 5 mm diameter particles showed higher damper 

torque than 4 mm and 3 mm diameter particles. Interestingly, the damper torque of the 

rotary damper with the gap model was higher than the no-gap model at rotation speed 

upto 10 rpm when 3 mm diameter elastomer particles are used. The damper torque of 

the rotary damper with the gap between rotor and cylinder is larger than that of the 

rotary damper with no-gap model throughout any rotation speeds when 5 mm diameter 

elastomer particles are used.
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5. Conclusion and Future Works 

 

5.1 Conclusion 

The vibration control is considered a key element in mechanical engineering to 

ensure the safety and comfort of the users of the mechanical engineering systems. To 

decrease the vibration of any mechanical setup, an effective vibration control system is 

necessary. In conventional dampers, viscoelastic materials and viscous oils are used to 

control the vibration. One of the main problems with conventional dampers is that the 

performance is sensitive to the temperature. In a rotor-based particle damper a rotating 

shaft is used inside the damper. In research, the damper torque characteristics of rotary 

elastomer particle damper were investigated. The effects of packing fraction, rotor speed 

size of elastomer particles, types of elastomer particles and aspect ratio of particles on 

the damper torque of rotary elastomer particle damper were examined. To understand 

the behavior of particles inside the damper, the numerical simulations using the discrete 

element method and visualization experiment were performed. An experimental setup is 

used to investigate damper torque characteristics of rotary elastomer particle damper. 

 In rotor-based particle dampers, some particles are under strong compressive 

stress, and some are weakly compressed. From the simulation analysis in chapters 2, 3, 

and 4, it can be stated that particles in front of the rotor are strongly compressed than 

the particles far from the rotor. The particles that are away from the rotor support the 

particles which are in front of the rotor. The particles in the high compressive zone (in 

front of the rotor) contribute more in the generation of damper torque than particles in 

the less compressive zone. The particles in front of the rotor have limited motion 

between the particles due to strong compressive forces. Particles far from the rotor 

contribute in the generation of damper torque by collision with each other and the wall 

of the damper. An increase in the aspect ratio of particles decreases the damper torque. 

The damper torque characteristics can be controlled by changing not only the packing 

fraction but also the aspect ratio of the ellipsoidal elastomer particles. Mixing of 

spherical and ellipsoidal particles at 50:50 ratios in rotary particle damper at 60% 

packing fraction increases the damper torque. Particles made of materials with high 
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tensile strength and hardness produced strong damper torque than particles made of 

materials with low tensile strength and hardness. An increase in the size of the particles 

increases the damper torque. It is experimentally shown that 5 mm diameter particles 

produced higher damper torque than 4 mm and 3 mm diameter particles. The damper 

torque of the rotary damper with the gap model was higher than the no-gap model at 

rotation speed upto 10 rpm when 3 mm diameter elastomer particles are used. The 

damper torque of the rotary damper with the gap between rotor and cylinder is larger 

than that of the rotary damper with no-gap model throughout any rotation speeds when 

5 mm diameter elastomer particles are used.  

Gravity also plays an important role in increasing the damper torque. The effect of 

gravity varies according to the angle of the rotor. At 90 degree and 180 degree angles of 

double-chamber rotary damper the compressive force of the particles becomes higher 

due to gravitational force. The gravitational force generates resistive forces in the 

particle's motion, and particles apply strong repulsive forces on the rotor. At 270 degree 

angle of the rotor, particles drop from top to bottom on the left side of the damper. 

Gravity attracts the elastomer particles pushes them away from the rotor, so the weak 

compression forces is developed at rotor angle 270 degrees. The compressive force is 

stronger at 0 degree angle of the rotor, because at 0 degree; the gravity is acting on the 

particles in downward direction. Gravity holds the particles which incrases the frictional 

force. The effect of gravity some times reduces the damper torque. Effect of gravity can 

be over comed by installing the angle at different angles. 

 

5.2 Recommendations for future research 

In this dissertation some shortcomings were identified that need further 

investigation. In the rest of this section, a number of future recommended tasks are 

listed below. 

The scope of this research was restricted by the capabilities of the experimental 

setup used in this study. The torque measuring range of the torque meter is limited so 

size of particles was restricted to some limitations. Updating the expriemntal setup will 

enable us to test particle dampers over a wider operating range and expand the current 

research to more generalised environment. 

An investigation of different shapes of particles can be conducted. This will enable 

a closer look at the effect of the shape of particles on performance in general. 
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Simulation of ellipsoidal elastomer particles can help to understand the behavior of 

ellipsoidal particles inside the damper. DEM software dedicated for particle behavior 

simulation in which numerical models of different particle shapes can be investigated; 

this will be a great benefit to research in the field of particle damping. One of the main 

problems in general for DEM simulations is its long calculation time. Upgrading GPU 

systems can shorten the calculation time. DEM simulation model to investigate the 

behavior of semi-active rotary particle damper can also be one of the important 

challenges for future research. 
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Nomenclature 

 

a       radius of the particle [mm] 

Cn     viscosity coefficient in a normal direction 

Ct      viscosity coefficient in the tangential direction 

Ei      moduli of longitudinal elasticity of the particle 

Ew     moduli of longitudinal elasticity of the particle-wall 

Fcn    normal contact force [N] 

𝑭𝑐𝑡    force in tangential direction [N] 

Fg     gravity force 

Fi      sum of forces [N] 

𝒈       gravitational acceleration vector [m/s
2
] 

Gi      transverse elastic modulus of the particle 

Ii        moment of inertia [kg m
2
] 

Kn     elastic modulus in normal direction 

Kt      elastic modulus in the tangential direction 

Knij    elastic coefficient particles when the particle-wall contact 

mi      mass of the particle [kg] 

ć𝑛      combined roughness of two surfaces 

𝛽       contact radius of smooth surfaces 

ni       unit vector in the normal direction 

𝜆       surface roughness paramter 

ri       position vector of the particle 

t         time [s] 

Ti       total torque [Nm] 

Vfij     tangential relative velocity [m/s] 

Vij      relative velocity vector [m/s] 

α        magnitude of viscous damper force 

𝜴𝑖      angular velocity vector [rad/s] 

ρ         particle density [kg/m
3
] 

δn       strain in the normal direction 

δt        strain in tangential direction 

𝝎𝑖      angular velocity vectors of particles i  

𝛿𝑐𝑡      displacement of particle in tangential direction 

νi         Poisson’s ratios of the particle 

νw        Poisson’s ratios of the wall 

∅         Packing fraction  
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