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1 Introduction

Passive damping techniques are often used to reduce structural vibrations. Classical
liquid dampers aremostly seen for these applications. These dampers arewell studied
andmathematically easy to describe. However, liquid dampers perform insufficiently
under extreme temperatures, due to the change of viscous properties, and do need an
anchor point. Hence, for applications where liquid dampers are not suitable, particle
dampers are becoming more and more popular.

Particle damping (PD) technology is classified as an auxiliary-mass type vibration
technique [1]. Either containers attached to the vibrating structure or holes within
the vibrating structure are filled with a granular material of convex or non-convex
shape. Various different materials like steel, tungsten, carbide, polymers and many
more can be used. The particle size normally ranges from the micrometer scale to
the millimeter scale. Thus, from several dozens up to millions of particles might be
included in a single particle damper. By structural vibrations, momentum is trans-
ferred to the granular material causing granular movement. By particle interactions,
energy dissipation occurs due to inelastic normal collisions and frictional losses. This
reduces the structural vibrations.

Compared to other damping techniques, particle dampers show various advan-
tages due to their conceptual simplicity and passive nature. They are cost-efficient
devices, do not need an anchor point, and do not often degrade in time [2]. Using
appropriate particles, e. g. steel or tungsten, particle dampers can even operate in
extreme environmental conditions [1, 3, 4]. Furthermore, particle dampers add only
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little mass to the primary system [2] causing no significant change in its mass and
stiffness [5]. It is also reported that particle dampers can be applied to a wide fre-
quency range [6].

Although particle dampers show huge potential, they are so far only rarely used
in technical applications. The major reason for this is that currently there exists no
easy design guideline, which is due to their nonlinear behavior and the variety of
influence parameters. These influence parameters strongly affect the particle motion,
also called state ofmatter ormotionmode (of the rheology behavior),which correlates
in a non-trivialwaywith the damper’s energy dissipation. These correlations are often
only poorly understood, leading to a trial and error-based design process of particle
dampers even nowadays. In [7], a systematic multiscale design methodology in form
of a toolchain is developed, which is based on computational models as well as
models derived from experiments. These models are extremely useful for supporting
the damper design and damper integration on a structure. In addition, they also
provide useful insights into the complex processes, the nonlinear effects, and the
design parameters influencing the efficiency of particle dampers.

Within this paper, the toolchain is used to develop single particle damper units
with predefined characteristics, which do not rely on a specific application. Different
hybrid damper approaches are utilized to increase the efficiency of the individual
particle dampers. Multiple container layers with different filling ratios are used to
obtain an optimizeddampingbehavior for transient vibrations. Inner structureswithin
the dampers show a more robust behavior and buffering the damper’s walls with a
polymer leads not only to a considerable noise reduction, but leads also to an increased
efficient range of operation.

This paper summaries the research on the DFG projects SE1685/5-1 and
424825162 within the SPP1897. This paper is based on the publications [7–16]
which originated from the two project phases and is organized in the following way:
In Sect. 2 the systematic multiscale design methodology in form of a toolchain is
presented. In the following sections the design toolchain is applied to design particle
dampers for horizontal free and forced vibration systems of low intensity, see Sect. 3
and horizontal and vertical forced vibration systems of high intensity, see Sect. 4.
Finally, the conclusion is given in Sect. 5.

2 Design Toolchain

Particle dampers show a nonlinear dynamical behavior, starting at the micro-
mechanical effects during single particle impacts and sliding contacts, continuing
with the energy dissipation inside the particle container, and ending at the interac-
tion within a structure. For a better understanding, and thus also for the design of
particle dampers, investigations on these different scales or levels, respectively, are
necessary. A systematic multiscale design methodology in form of a toolchain is
therefore developed, see Fig. 1 and [7]. Insights made on one level can be used
on the next level to better understand the dynamical properties and shorten the
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Fig. 1 Toolchain for the analysis of particle dampers

overall design process of particle dampers. On all levels, numerical models, as well
as experimental tests, might be used for analysis.

On the first level of the toolchain, the micro-mechanical behavior of single
particle–particle and particle–wall interactions is analyzed. This provides impor-
tant input for the second level. The second level represents investigations into an
isolated particle damper subjected to a harmonic motion and the determination of
the damper’s energy dissipation for a given excitation frequency range and ampli-
tude range. First design rules and, if applicable, analytical formulas for the energy
dissipation are derived here. Finally, the third level represents the integration of the
particle damper in a vibrating structure to evaluate the overall damping effect.

2.1 Level I

The first level of the toolchain, see Fig. 1-single particle, is completely indepen-
dent of the other two levels. On this level, the micro-mechanical behavior dur-
ing a normal impact of two bodies of macroscopic size, like particle–particle or
particle–wall, is analyzed. Here, a particle collides in a defined manner with the col-
lision partner. Thereby, the energy dissipation during the impacts is of major interest
and can mainly be characterized by the coefficient of restitution (COR) ε describ-
ing the velocity change during contact [17, 18]. The COR designates the quotient
between the velocities right after (1) and before (0) the impact for the bodies I and
II as ε = − (

v1I − v1II
)
/
(
v0I − v0II

)
. For ε = 1 the impact is called elastic. For ε = 0

it is called fully inelastic and both collision partners move with the same velocity
afterward.

In discrete element method (DEM) simulations, which are used on level II, often a
constant COR is applied. However, the impact velocity of the collision partners has a
big influence on theCORand should thus be considered.Numerical and experimental
models can be used to determine the COR [19–21]. For example, Fig. 2 shows the
experimental setup for the impact of a steel sphere against different planar wall
materials, as detailed discussed in [14, 16]. The testbed consists of a steel sphere
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Fig. 2 Test bed to determine the COR for a sphere–wall contact

of 15 mm radius which is suspended by thin wires impacting the wall material probe
glued or fixed to a rigid steel block.

The sphere is held in the deflected state by an electromagnet. As the position of
the electromagnet is variable, different impact velocities are achieved. After release,
the velocity of the sphere is measured by the laser vibrometer (LV) PSV-500 from
Polytec with a sampling frequency of 250 kHz.

Alternatively, numerical investigations using the finite element method (FEM)
can be performed for determining the COR [20, 22]. A schematic representation
of the sphere–sphere FEM model is shown in Fig. 1–level I. Here, for example, the
spheres have an initial radius of 5mm, which can be scaled to different sizes. Each
sphere consists of 6093 axis symmetric 2D elements, called CAX4R inAbaqus. The
element size varies between 0.015 mm to 0.5 mm and both spheres are assigned
with half the impact velocity with opposed signs [14, 16].

The analyzed steel–steel and steel–aluminum contacts show a high dependency
on impact velocity [14, 16]. Exemplary, in Fig. 3a the experimental and numerical
COR results for steel sphere–steel wall impacts are shown. These start at high COR
values for low impact velocities and show a digressive decay towards higher impact
velocities. Due to plastic deformations, repeated impacts onto the same spot show
a much higher COR [22]. The FEM simulations are capable to reproduce the quan-
titative progression of the COR observed in experiments. Only small quantitative
differences remain.

Besides the metal–metal impacts, steel-polymers combinations are investigated.
Exemplary, in Fig. 3b the experimental and numerical COR results for steel sphere–
polymer wall impacts are shown. The steel–polymer contacts show only little depen-
dency on impact velocity. For v0I > 0.1 m

s , only a little linear decrease of COR with
impact velocity is observed. The effect of repeated impacts vanishes [16], as no plas-
tic deformations in the contact zone occur. Numerically, a good agreement with the
experimental measurements is achieved for low impact velocities, i. e. v0I < 1m

s . At
high impact velocities, bigger differences are seen.
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Fig. 3 Experimental and numerical COR results for sphere-wall impacts of different materials

Using the validated numerical models, the CORs for various sphere diameters are
calculated, which can be used for later DEM simulations. Indeed, it turns out that
the dependency on impact velocity is much bigger than on the sphere’s diameter.
See [16] for further details.

2.2 Level II

The second level of the toolchain, see Fig. 1-single damper, represents investiga-
tions of an isolated particle damper subjected to a defined horizontal or vertical
vibration. The energy dissipation of the particle damper is determined for the given
excitation frequency range and excitation amplitude range.Additional, insights about
the movement of the particle bed, called motion mode, are gained. The particle con-
tainer is excited by a harmonic motion using a rheonomic constraint xc = X sin(�t),
with container amplitude X and angular frequency � = 2π f . The corresponding
container velocity and acceleration follow as ẋc = V cos(�t) and ẍc = −A sin(�t)
with V = X � and A = X �2. The dimensionless excitation intensity is defined
as � = A/g with g as gravity constant. From the velocity of the particle container
and the excitation force, the complex power can be determined. Using the complex
power, the energy dissipation and the reduced loss factor are obtained, displayed
as characteristic diagrams over the excitation frequency and excitation amplitude.
These characteristic diagrams are also called effective fields in the following. The
calculated effective fields can be stored and used on the third level of the toolchain for
the integration process of the particle dampers in a vibrating structure. If applicable,
the effective fields might be approximated by an analytical formula, which can also
be integrated on the next level. All these aspects help to shorten the design phase on
level III.

Investigations can be performed experimentally using a closed-loop controlled
shaker setupor a linear drive. This depends on the excitation frequency and amplitude,
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see e. g. [12, 14, 15]. Investigations can also be performed numerically using the
DEM, see e. g. [7]. Such a DEM model is shown in Fig. 1-single damper.

Discrete Element Method: The DEM is a discrete simulation method for granular
materials. Every particle is considered as an unconstrained moving body only influ-
enced by applied forces, e. g. the particle–particle and particle–wall contact forces.
The dynamics are described by Newton’s and Euler’s equation of motion for every
particle [23]. This results in general in a coupled nonlinear differential equation
with 6 np degrees of freedom for 3D simulations with np being the number of parti-
cles. Here, the algorithms presented in [11] are used.

Complex power:Toanalyze the energydissipation and the efficiencyof the particle
damper, the complex power method, introduced by Yang [24], is used. The complex
power is determined to P = 0.5 F∗� V̄ ∗. Hereby, F∗ denotes the complex amplitude
calculated by the fast Fourier transform (FFT) of the driving force signal acting on the
container and V̄ ∗ is the conjugate complex amplitude by FFT of the velocity signal of
the container motion. The dissipated energy per cycle Ẽdiss follows from the complex
power to Ẽdiss = 2π Ediss = 2π Real(P)/�. To judge about the damper’s efficiency
the reduced loss factor η∗ [14] is utilized. It is calculated by a scaling of the dissipated
energy with the kinetic energy of the particle system Ekin = 0.5mbed |V ∗

�|2 using
the mass of the particle bed mbed, i. e. the mass of all particles, to η∗ = Ediss/Ekin

with V ∗
� being the complex amplitude of the velocity signal at driving frequency.

As consequence, the reduced loss factor is independent of the container and particle
mass and enables the comparison of different particle settings.

2.3 Level III

The third level of the toolchain, see Fig. 1-structural integration, represents the inte-
gration of particle dampers in a vibrating structure to evaluate their overall damping
effect. This can be done experimentally or numerically. For simplicity on this level,
only 2D motion is considered in this project, i. e. either horizontal or vertical vibra-
tions. For the numerical investigations, three different approaches have been devel-
oped. In the first approach, the complete DEMmodel describing the particle damper
used on level II is coupled with the dynamical model of the structure. The flexible
structure might be described by a reduced linear finite element model or a flexible
multibody system. While this approach is very accurate and useful for verification
purposes, it is computationally very expensive. Alternatively, the flexible structure
model can be coupled with the effective fields or the analytical formulas previous
determined in level II. This coupling is easily implemented and leads to accurate
results and short computation times, see [7, 12] for detailed information about the
coupling process. If an analytical formula is present, it even might be used for a
damper optimization.

In the following, the toolchain is applied to design different particle damper sys-
tems for various application fields and their results are presented.
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3 Horizontal Vibration Systems of Low Vibration Intensity

Low vibration intensity is defined here as a vibration with particle damper accel-
eration amplitudes below the gravitational acceleration A < g and frequencies/
eigenfrequencies of f0 < 5 Hz. Often, only small energy dissipation rates are
obtained for such systems so far, due to sticking of particles. Hence, a new and more
efficient design of particle dampers is necessary for these applications, whereby the
focus is on horizontal vibrations. The proposed design makes use of the rolling prop-
erty of spheres inside particle containers with flat bases, see [15]. The presentation
of this chapter is based on [7, 13, 15].

3.1 Level II—Considerations

The experimental setup to analyze the particle damper’s motion modes and energy
dissipation under horizontal forced vibration of low intensity is shown in Fig. 4-top.
For this purpose, a linear drive is used.

The cuboid container is filled with 36 spherical steel particles of 5 mm radius
with clearance hroll to the other container side. The container is mounted via a force
transducer on a linear drive. Thus, the excitation force acting on the particle container
is measured. During the conducted experiments, two different motion modes of the
particle bed are observed. Trajectories of these motion modes, obtained from DEM
simulations, are shown in Fig. 5. The reduced loss factor, i. e. the efficiency factor of
the particle bed, is shown in Fig. 4-bottom. For low excitation amplitudes X < Xopt

rol ,
the system is in the so-called scattering motion mode. No regular or synchronous
motion of the particles is observed, see also Fig. 5a. Hence, only a little amount
of energy dissipates, resulting in a low reduced loss factor. When the container
amplitude reaches a certain threshold amplitude Xopt

rol the system turns suddenly into
the rolling collect-and-collidemotionmode, i. e. for X > Xopt

rol . Here, the particle bed
stays together as one particle block and slides and rolls over the container base. The
collisions with the container walls are inelastic, i. e. after impact, the particle bed
adopts the container’s velocity and does not rebound from it. This happens due to
multiple inter-particle collisions during impact, see [25, 26] for further details.Hence,
a synchronous particle motion with the container is achieved, see Fig. 5b. This leads
to a high energy dissipation at X = Xopt

rol with a slight decrease to higher excitations
amplitudes. Equipping the container with buffered walls, making the particle damper
hybrid, does not influence its energy dissipation but leads to a considerable noise
reduction for this excitation regime.

The numerical DEM results for the reduced loss factor are also pictured in Fig. 4.
For the scattered motion mode, i. e. X < Xopt

rol , the results are on the same scale as
the experimental results. However, neither a qualitative nor quantitative agreement
of the observed curves for this area is achieved. For the rolling collect-and-collide
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motion mode, i. e. X > Xopt
rol , a good qualitative agreement with the experiments is

obtained.
For the scattered state, an empirical formula describing the energy dissipation is

found, yielding a rough approximation. For the rolling collect-and-collide regime,
instead, an deterministic equation for the energy dissipation is derived. For this
analytical equation, the curve progression of the reduced loss factor agrees well with
the experiments, see Fig. 4. However, the obtained reduced loss factor values are
above the experimentally measured ones for all excitation amplitudes. Additionally,
a simple expression for the optimal stroke is achieved to Xopt

rol ≈ 0.4 hroll, see also
Fig. 4. This formula is in great agreement with experimental results [15] and enables
a quick and reliable damper design for a structural integration.

Additionally, intensive sensitivity analyses are performed experimentally and
numerically in [15]. Most of the particle properties, like Young’s modulus, den-
sity, coefficient of restitution, or particle number have a negligible influence on
the damper’s efficiency. However, it turns out that a low friction coefficient and a
high particle radius are beneficial. Also, a tilt around the damper’s axis are studied.
Hereby, a little tilt around the dampers yaw axis is showing only little influence
on the damper’s efficiency. Indeed, a tilt around its longitudinal or pitch axis might
significantly decrease the efficiency of the rolling collect-and-collide motion mode.
Finally, the container shape is analyzed. The cuboid shape is replaced by a cylin-
drical shape heading against gravity. While the efficiency of the damper is only a
little reduced, this cylindrical shape is showing the great advantage of applying to
vibrations in the whole horizontal plane. Thus, this new efficient damper design for
low acceleration vibrations opens a completely new area of applications for particle
dampers in mechanical and civil engineering, like the damping of high-rise buildings
or wind power plants [15].

3.2 Level III—Considerations

To show the applicability of the derived damper design, it is applied to free and forced
vibrations in the following.

3.2.1 Free Vibrations

The system to be damped for these vibration intensities is a parallel lightweight
manipulator with highly elastic links [7], see Fig. 6-top. The lightweight manipulator
consists of two linear motors set up in a “T–configuration”. Elastic links, made of
spring steel, are mounted via revolute joints on both sliders and are connected via a
third revolute joint forming a parallel robot. At the end of link II, the end-effector is
mounted, which consists of the hybrid particle damper of multiple layers. The elastic
deformation in link II is introduced via the rigid body motion, i. e. when the linear
drives are moving, and is dominated by the first (bending) eigenmode.
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For this system, all three particle damper models, i. e. full DEM model, effective
fields, and analytical formulas, are coupled to themodal reducedmodel of the system.
All coupledmodels are showing a good agreement to experimentalmeasurements [7].
Finally, the analytical formulas are used to optimize the filling ratio of the different
particle damper layers for an initial deflection of link II. The effectiveness of the
optimized design is demonstrated experimentally as shown in Fig. 6-bottom. Only a
small difference between experiment and analytical formulas is found and the system
is greatly damped compared to the undamped case.

3.2.2 Forced Vibrations

For the forced vibrations, a simple beam-like structure is used as an application
example, see Fig. 7-top. Its base point is subjected to a harmonic motion of vari-
able frequency using a linear drive. The particle damper is mounted at the tip of
the beam and its velocity is measured using a laser scanning vibrometer. Thus,
the frequency response function (FRF) |H∗( f )| = |X∗

c ( f )/U
∗( f )|, with complex

particle damper amplitude X∗
c and complex excitation amplitude U ∗ is obtained
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Fig. 7 Simple beam-like structure setup for forced vibration analyseswith overview of system (top)
and FRF’s of optimized particle damper for an excitation of U = 1.33mm and 36 steel particles
of 5 mm radius (bottom)

experimentally. Numerically, the equations describing the energy dissipation of the
particle damper, which are shown in the normalized form in Fig. 4-bottom, are cou-
pled to amodal reducedmodel of the structure. A good agreement between analytical
and experimental obtained frequency response function is achieved for various exci-
tation intensities, validating the presented approach, see [13] for a detailed discussion.

Finally, the coupled model is used to calculate the design parameter of the parti-
cle damper to operate it at its maximum efficiency, i. e. at Xopt

rol see Fig. 4-bottom. A
simple analytical expression is obtained. Its accuracy is proven by comparison to an
experiment as shown in Fig. 7-bottom. Simulation and experiment are only slightly
crossing the optimal normalized amplitude of Xopt

rol /U , with U being the excitation
amplitude. However, due to uncertainties within the experimental setup, some differ-
ences remain in the obtained FRF’s. Still, the derived formula provides a powerful
tool to design particle damper for applications of low acceleration intensity, see the
discussion in [7].
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4 Horizontal and Vertical Vibration Systems of High
Vibration Intensity

High intensity vibrations are defined here as vibrations with an acceleration ampli-
tude A � g and (eigen)frequencies f0 � 10Hz. For such vibrations, the particle
dynamics completely change compared to the previous two sections, but the influence
of the gravitational acceleration becomes less.

4.1 Level II—Considerations

For the analysis of motion modes and effective fields, a corresponding testbed is
developed [9–11, 14] as shown in Fig. 8. The cylindrical particle container is excited
by a controlled harmonic force via a shaker perpendicular to gravity. The excitation
force is controlled in such a way that the vibration frequency and acceleration mag-
nitude of the container stays constant. The force sensor is mounted between particle
container and shaker. The velocity of the particle container is measured via a laser
vibrometer.

Filling the particle containerwith steel spheres ofmacroscopic size, i. e. from 0.3–
5 mm radius, five differentmotionmodes can be observed, as shown as velocity fields
in Fig. 9. In Fig. 10 the reduced loss factor and the distribution of motion modes for
such a setting are plotted. The solid-like state, see Fig. 9a, is characterized by almost
no relative motion between particles and container. This causes the granular matter
to look like an added block, staying at the container base and moving with the
same velocity as the container. Hence, only little dissipation rates are obtained, see
Fig. 10. For the local fluidization, see Fig. 9b, particles located at the top surface
become fluidized. Here small to medium dissipation rates are achieved, see Fig. 10.
When the whole particle system gets fluidized, the global-fluidization is obtained, as

excitation

force sensor &
accelerometer

particle
damper

x

y

z

vibration controller
& power amplifier

LV

data acquisition &
analysis

g

hbou

particle container

shaker

load cell

velocity
measurement
point

control
accelerometer

trigger
accelerometeradjustable

cap

Fig. 8 Testbed for determination of effective fields of particle damper for high vibration intensities
with schematic representation (left) and picture (right)
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Fig. 9 Velocity fields of motion modes for high excitation intensities for particle damper shown
in Fig. 8. The colors show the magnitude of the in-plane particle velocity normed by the container
velocity V from low (blue) to high (red)

Fig. 10 Experimentally
determined reduced loss
factor (top) and numerically
obtained motion modes
(bottom) of particle container
for horizontal high excitation
intensities shown in Fig. 8

shown in Fig. 9c. Medium to high reduced loss factors are seen. Within the bouncing
collect-and-collidemotionmode, see Fig. 9d, the particlesmove as one single particle
block synchronously with the driven particle container and collide in elastically with
the container walls, leading to medium to high reduced loss factors. The decoupled
motion mode is shown in Fig. 9e. It is characterized by a very small absolute particle
velocity compared to the velocity of the container. Thus, the granular matter appears
to be decoupled from the container and results in small dissipation rates.
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Fig. 11 Inner structures used for high excitation vibrations with schematic representation (left)
and result for same particle setting as used in Fig. 10 equipped with inner structure (right)

An intensive sensitivity analysis is performed experimentally and numerically
in [14] on different particle and container properties affecting the motion modes.
The bouncing collect-and-collide motion mode is rather insensitive except for the
clearance hbou. High reduce loss factor values are again obtained along a constant
container stroke of Xopt

bou = hbou/π , see also Fig. 8 for the definition of hbou. For the
global fluidization, a high filling ratio of the particle container and a small particle
size are found to be advantageous.

Hybrid Particle Dampers: In [27] two hybrid particle damper approaches are pre-
sented to make the damping behavior around high reduced loss factor values more
robust and efficient compared to a pure particle damper. These findings [27] are sum-
marized here. The first approach uses inner structures inside the particle container,
see Fig. 11-left for a schematic representation. In Fig. 11-right the corresponding
reduced loss factor is shown. Hereby, the same particle settings as for Fig. 10 are
used. Inner structures lead to lower reduced loss factors of the bouncing collect-and-
collide motion mode, but to a more robust (wider) behavior in this excitation area,
compare red dots in Figs. 10 and 11. Also, they lead to higher reduced loss factors
at high frequencies. The more inner structures are used and the smaller the parti-
cle radius, the stronger the effect on the reduced loss factor. The second approach
presented in [27] utilizes buffered walls of the particle container. The approach
aims to influence the local fluidization mode, such that a similar motion as in the
bouncing collect-and-collide is achieved. Instead of taking off the container base and
flying through the container as for the bouncing collect-and-collide motion mode,
the particle bed penetrates the buffered wall material. When the buffered material
is completely compressed, an inelastic collision with the container’s wall occurs
and the relative velocity between particles and wall vanishes. This produces a new
particle motion, also called compression collect-and-collide. In Fig. 12-left, the cor-
responding velocity field obtained from DEM simulations is shown. In contrast to
the local fluidization mode, a much higher particle velocity is achieved, compare
with Fig. 9b. An analytical formula based on Hertz impact theory has been derived,
enabling a fast dimensioning of the buffered wall material, see [27]. In Fig. 12-right,
the reduced loss factor is shown for the particle setting of Fig. 10 using buffered walls
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Fig. 12 Buffered walls used for high excitation vibrations with particle damper’s velocity field
(left) and reduced loss factor for same particle setting as used in Fig. 10 equipped with buffered
walls designed for f = 60Hz (right)

designed for an excitation frequency of f = 60Hz. Here, a very robust behavior of
the reduced loss factor concerning the excitation intensity at the desired excitation
frequency is achieved.

4.2 Level III—Considerations

In the next step, the particle container of level II is coupled to an underlying structure
as presented in detail in [11, 12]. The previous experimentally and numerically
determined effective fields or the full DEM model are used to predict the overall
damping of the system. As an application example, a beam-like structure with free–
free boundary condition is used. A picture and a schematic representation of the
beam and testbed are shown in Fig. 13. The testbed consists of a flexible beam with
a hollow profile supported by three soft cables. The beam is exited in the transverse
directionwith a variable force by a shaker at its free end using a sine sweep excitation.
The particle container can be placed at any desired position on the beam. For the
investigated analysis here, the container is placed at the free, not excited end, as
shown in Fig. 13. Later on, the position of the particle damper can be varied.

Coupling the effectivefields of the particle damper to amodal reducedmodel of the
beam, various investigations have been conducted to show its qualitative accuracy
and efficiency [11, 12]. In Fig. 14 an exemplary result of this coupling procedure
is shown. While a perfect quantitative fit is not obtained, so gives the qualitative
results useful guidelines during the particle damper design process. The position
of the particle damper plays an important role. Placing the particle damper at an
antinode of the shape function a good agreement between damping prediction and the
experimental result is achieved. By placing the damper at a position where the shape
function exhibits an additional rotation, the damping prediction is still acceptable.
Although, in some cases this greatly reduces the energy dissipation of the damper,
i. e. for the bouncing collect-and-collide motion mode. Even multiple eigenmodes
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Fig. 13 Testbed to
determine the overall
damping behavior of the
particle damper for high
excitation vibrations with
schematic representation
(top) and picture (bottom)

Fig. 14 Damping ratios of
beam-like structure equipped
with particle damper of
Fig. 8 for high excitation
intensities

can be damped efficiently if the particle damper is placed at a position, where these
modes have a high shape function value. For further details on the different coupling
methods of the numerical models see [11, 12].
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5 Conclusion

So far particle dampers have been mostly developed by time-consuming
experimental-based trial and error strategies for very specific applications, where
the adaption to other systems is extremely limited. This might be due to the fact, that
the processes in the particle dampers are highly nonlinear and depend on a variety
of different influence parameters, like the coefficient of restitution, the coefficient
of friction, the excitation frequency, and the vibration amplitude. Due to the lack
of understanding of these processes in the dampers and missing systematic design
approaches, particle damper’s application is so far limited.

The goal of this project is the development of a new design methodology in form
of a toolchain for passive vibration damping of lightweight structures and machines
using particle dampers. Thereby, using simulations that are verified by experiments,
also a deeper understanding of the micro-mechanical processes in the dampers are
obtained. This is crucial in the systematic design of particle dampers using numerical
methods. By this new design methodology, which is in parts independent of the
specific application, it is possible to extend particle dampers to a variety of very
different applications, which has been shown at multiple examples.

Using thedeveloped toolchain single particle damper unitswith predefined charac-
teristics are developedwhich do not rely on a specific application. Hybrid approaches
are used to increase the efficiency of the individual particle dampers. Multiple layers
with different filling ratios might be used to obtain an optimized damping behavior
for transient vibrations. Inner structures within the dampers cause a more robust
behavior and buffering the dampers walls with a polymer leads not only to a consid-
erable noise reduction but can also be used to extend the damper’s efficient range of
operation for high intensity applications. These individual particle dampers finally
form an assembly set, which is ultimately used in the overall damping concept for
specific applications.
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