Results in Engineering 28 (2025) 107590

Contents lists available at ScienceDirect

Results in

Results in Engineering Engine
ELSE\/[ER journal homepage: www.sciencedirect.com/journal/results-in-engineering
Research paper ' ,.)
Quantitative evaluation of surface material effects on particle impact

damper performance- a time domain analysis

Muhammad Ayaz Akbar %> Hassan Raza® @, Naveed Husnain ¢

2 Institute of Advanced Interdisciplinary Technology, Shenzhen MSU-BIT University, Shenzhen, China

Y Department of Material Science, Beijing Institute of Technology, Beijing, China

¢ Department of Mechanical Engineering, Hong Kong Polytechnic University, China

4 Department of Mechanical Engineering, Faculty of Engineering and Technology, Bahauddin Zakariya University Multan 60800, Pakistan

ARTICLE INFO ABSTRACT

Keywords: Although particle impact dampers (PIDs) have received much attention for their effectiveness in passive vi-
Passive vibration _Comml bration reduction, the influence of impact surface material on damping performance, especially in the time-
Structural dynamics domain, remains inadequately investigated. This study examines the impact of six materials; three hard

Particle impact dampers

- L (Aluminium, Steel, Acrylic) and three soft (Rubber, Polyethylene foam, Polyurethane foam), on vibration
Coefficient of restitution

attenuation utilizing a single-degree-of-freedom system. A verified numerical model that includes the coefficient

fmpact of restitution (COR) is utilized in conjunction with experimental testing. The findings indicate that Polyurethane
foam (COR = 0.36) exhibits superior damping efficacy, diminishing vibration amplitude by 52.16% and impact
force by 78% in comparison to Aluminium (COR = 0.82). Rubber and PE foam provide decreases of 21.38% and
22.35%, respectively, whilst hard surfaces demonstrate negligible enhancement. The numerical model strongly
correlates with experimental data, with a maximum variation of 7.14%. These findings indicate that soft, energy-
absorbing materials markedly improve PID performance, providing enhanced vibration attenuation and less
structural stress. The research offers a pragmatic paradigm for enhancing PID design in applications necessitating
elevated damping efficiency, mechanical safety, and minimal operational noise.
Nomenclature (continued)
Vo Velocity of particle after n™ impact; m/s

Symbols Description Vo Velocity of particle before n™ impact; m/s

X Acceleration of primary structure; m/s? X Velocity of primary structure after n' impact; m/s

y Acceleration of particle; m/s? X, Velocity of primary structure before a? impact; m/s

d Clearance; m Greek Symbols

e Coefficient of restitution; ] Frequency of excitation force; rad/s

c Damping coefficient; Ns/m [ Natural frequency of primary structure; rad/s

y Displacement of particle; m /] Mass ratio; m/M

X Displacement of primary structure; m n Reduction effect

F(t) Excitation force; N Abbreviations

Xo Initial position of primary structure; m PID Particle impact damper

Yo Initial position of particle; m RMS Root Mean Square

Xo Initial velocity of primary structure; m/s PE Polyethylene

Yo Initial velocity of particle; m/s PU Polyurethane

M Mass of primary structure; kg COR Coefficient of Restitution

m Mass of the particle; kg FFT Fast Fourier Transformation

k Spring constant; N/m

y Velocity of particle; m/s

X Velocity of primary structure; m/s
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1. Introduction

Vibration control is a critical in many engineering applications,
including civil, mechanical, and aerospace structures, where excessive
oscillations can compromise safety, performance, and service life.
Various passive, semi-active, and active control methods have been
developed to mitigate vibrations, each with advantages and limitations
[1-5]. Among these, particle impact dampers (PIDs) have attracted
attention due to their simplicity, robustness, and effectiveness in dissi-
pating energy through inelastic collisions, making them a promising
solution for structural vibration suppression. PID consists of a container
filled with single or multiple particles. The principle of damping is based
on the particle-particle and particle-wall impacts. The impacts and
friction between particles and walls of the container result in energy
dissipation and momentum exchange leading to the damping of the vi-
brations of the primary structure [6-8]. In addition, the particle impact
damper possesses various advantages over other passive vibration
attenuation devices [9]. Particle impact dampers require a simple
installation, are not sensitive to the direction of excitation, and can work
in harsh conditions where other devices cannot be installed [10,11]. The
particle damper is not noticeably sensitive to oil contamination and can
attenuate vibrations under various types of excitations [12]. Addition-
ally, PID can be considered a simple, reliable, and affordable device for
vibration control applications [13,14]. The particle impact damper can
function in multiple directions and over a wide range of excitation fre-
quencies [15,16].

Considering the potential of the particle impact dampers, optimiza-
tion and design guidelines become highly important in this research
area. Nonlinear nature of PID, the development of analytical, numerical,
and even experimental methodologies for performance optimization of
PID is highly difficult [17-20]. Various researchers [21-24] have re-
ported methods and techniques to design a particle impact damper for
improved vibration attenuation, leading to contradicting opinions about
the design guidelines [25,26]. Most of the available guidelines or design
methodologies are based on specific applications or trial and error
[27-31]. The literature resolves that the clearance, coefficient of resti-
tution, and mass ratio are the highly influential design parameters
[32-34]. However, the studies are limited to specific cases or applica-
tion. It is understood that an optimum combination of these parameters
can provide an optimum design of particle impact damper. However,
determining the optimum combination is highly complicated due to the
highly nonlinear relationship of these parameters with the excitation
[35-39]. There are fundamental design guideline developed from the
efforts of the scholars, such as the optimum clearance magnitude and the
mass ratio [40-42].

The optimum parameters selection require an understanding of the
excitation force [43]. It is shown by researchers that the performance of
a particle damper is independent of the particle-particle interactions
[44]. It is also shown that the model using singular particles has similar
results to the model with multiple particles. Although, the optimum
design parameters can still be determined for a specific excitation force
[45]. Optimum clearance depends on the excitation force, and the mass
ratio is selected by the factor that how much extra mass can be added to
the primary structure [46-49]. It is proved by a few researchers that a
single-particle damper can be the better choice but the intense impact
with a single heavy mass may raise questions about the safety of the
primary structure [50]. Such a problem has led researchers to propose
multi-particle dampers to generate multiple less intense impacts to
protect the primary structure [51-56]. The multi-particle impact
damper can protect the structure during operation but at a cost of
relatively lower damping with higher functional noise.

Particle impact dampers (PIDs) have been widely studied for their
effectiveness in vibration attenuation, with most research focusing on
parameters such as particle size, mass ratio, and enclosure geometry.
However, relatively few studies have examined the influence of impact
surface properties on PID performance [57] investigated the role of
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Fig. 1. A mechanical model of the SDOF structure equipped with a particle
impact damper.

surface material properties and found that metallic particles exhibited
superior damping performance compared to other materials. This sug-
gests that softer particles may be less effective in reducing structural
vibrations. More recently, [58] explored the effects of soft and hard
impact conditions in single-particle impact dampers within the fre-
quency domain. Their study provided an optimal design strategy based
on numerical and experimental analysis by incorporating the visco-
elastic behavior of soft materials. Building upon these studies, this
research extends the evaluation of PID performance by investigating the
role of different cushioning materials in a time-domain analysis. The
performance of PIDs is strongly influenced by the coefficient of resti-
tution of the impact materials, which governs the energy dissipation
during inelastic collisions [59]. Recent studies have shown that selecting
materials with appropriate restitution properties can significantly
enhance damping efficiency and reduce structural vibration [60-63].
Understanding the relationship between material properties, impact
dynamics, and energy dissipation is therefore critical for effective
damper design [64-67]. Specifically, this study compares the effects of
soft impact materials (Rubber, Polyethylene (PE) foam, and Poly-
urethane (PU) foam) with traditional hard impact surfaces. A simplified
numerical model incorporating the coefficient of restitution (COR) of
different materials is developed and validated through experiments.
Additionally, the structural response under resonant excitation is
analyzed to determine the effectiveness of various impact surfaces in
vibration attenuation. By considering the nature of the impact, this
study provides insights into optimizing PID design while maintaining
structural integrity and minimizing operational noise, offering a prac-
tical and cost-effective solution for enhanced damping performance.

2. Theory

Considering the challenges and nonlinear relationships with the
contact force model, a mechanical model with a coefficient of restitution
is used to simplify the simulations of particle impact dampers. The co-
efficient of restitution can be sufficient to model the collision surface in
PID. This model utilizes the coefficient of restitution of the impact sur-
face to determine the energy dissipation at each impact.

A general model of the single-degree-of-freedom system with a par-
ticle impact damper is presented in Fig. 1. Compared with the previous
model, the nonlinear components of the contact are removed in this
model. The equation of motion of the primary structure and particle is
written as,

Mx +k(x—2)=0 @

my =0 (2)
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Fig. 2. Materials used in the experiments (a) Polyurethane (PU) foam (b) Polyethylene (PE) foam (c) Rubber.

Here M, k, x, X, X represents the mass, stiffness, displacement, veloc-
ity, and acceleration of primary structure, while m, y,y, y represents
the mass, displacement, velocity, and acceleration of particle respec-
tively. It is worth noting that Eqs. (1) and (2) describe the equations of
motion of two independent masses (the primary structure and the par-
ticle), assuming that neither internal damping nor frictional effects in-
fluence their motion. In this baseline representation, the attenuation of
vibration in the primary structure arises only from inelastic collisions,
where momentum transfer and energy dissipation during impact pro-
duce the effective damping. Therefore, the impact is modelled with
conservation of momentum and coefficient of restitution. The COR-
based model was adopted for its simplicity and practicality, as it
directly represents the energy absorption capability of the impact sur-
face. Moreover, the coefficient of restitution (e) represents the amount of
energy dissipated at each impact. The velocities of the primary structure
and particle change at each impact, and the velocities after the impacts
are determined by using conservation of momentum and coefficient of
restitution at each impact. The accurate calculation of change in velocity
at each impact depends on change in momentum and coefficient of
restitution (e). The coefficient of restitution (e) is defined as,

)&Jr _ vt
e= -ﬁ 3)

Here (x;,%;) are the velocities of primary structure before and after
n"impact. The superscript ( + ) denotes the velocity after impact and ( —
) denotes the velocity before impact. Similarly, (y;,y,) denotes the

R

velocities of particle before and after (nt") impact. The equation of
conservation of momentum for two colliding bodies can be defined as,
Mx, +my, = Mx, +my, Q)

Combining and rearranging Eqs. 3 and 4 for the velocities of particle

and primary structure after each impact gives,

el (1 .
x;:(l ﬂe)xnli /(4 + ey, ©)

jo_ (e + ey,
n 1+/"

©

Here p = J; is the mass ratio. During the numerical simulations, the
impact between the primary structure and particle is determined by the
following condition,

[x(t) -y(®)] = d %)
Where x(t), y(t) are the displacements of primary structure and particle
respectively. Whenever an impact is detected, the velocities of the ob-
jects change depending on the mass ratio () and coefficient of restitu-
tion (e).

3. Experiments

3.1. Soft Materials

Particle impact dampers work on the principle of momentum

v

Fig. 3. Compression test picture.
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Fig. 4. Force-deflection curves of the materials (Experiment) (a) Polyurethane (PU) foam (b) Polyethene (PE) foam (c) Rubber.

exchange and energy dissipation through impacts. Therefore, it is
necessary to adopt special materials to enhance energy dissipation at the
point of impact. Three commonly used materials used in various vi-
bration suppression applications are tested in this study [68].

The first test material is known as polyurethane (PU) foam, which is
commercially known as cushioning foam [69-71], as shown in Fig. 2a. It
is a softer, open-cell type of foam. Air can flow throughout the foam
because the cells are open and not cross-linked. Such characteristics
make this foam softer and enable it to absorb shock energy better. It
distributes the energy more broadly.

The second test material is known as polyethylene (PE) foam, as
shown in Fig. 2b. Polyethene foam is a closed-cell foam where the
molecules are cross-linked to provide more rigidity. The crosslink
character of this foam causes it to return to its original shape quickly.
Which introduces a little bit of bounce in addition to the shock ab-
sorption [72,73]. Therefore, it can be considered a shock-repelling foam.
The third test material is known as rubber shown in Fig. 2¢. Most of the
vibration mounts are produced with rubber because it has one of the
highest levels of resilience which leads to vibration reduction.

The response of these cushioning materials to a compressive force is
tested by compression tests. A common compression test uses a
measurable force on the surface of the material, and the deflection is
recorded as well. The compression test setup is shown in Fig. 3.

The data obtained from the compression tests are analyzed to obtain
the force-deflection curve of each material, as shown in Fig. 4. It can be
observed that the response of the polyurethane (PU) foam is different
from the polyethene (PE) foam and rubber. Such a response can be
observed in the soft materials exhibiting an energy absorption region
[70,73].

Fig. 4a presents the response of the polyurethane (PU) foam, which is
known as cushioning foam. The response up to point 1 is classified as the
linear elastic region, as the deformation of the material under load is
linear. Moreover, the region from point 1 to point 2 is known as the
energy absorption region [74]. Lastly, the region after point 2 is clas-
sified as the densification region.

The coefficient of restitution (e) is highly important for the design of
particle impact dampers. It depends on the material used at the point of
impact. Experimentally, the coefficient of restitution (e) is determined
by dropping the metallic ball from a known height at a surface with
different materials. The rebound height of a ball after the first impact is
determined by recording the whole experiment with a high-speed
camera. It is understood that the rebound height can be changed by
altering the thickness of these energy-absorbing materials. Therefore,
each material has a similar thickness (20 mm) in these tests for consis-

Table 1
Coefficient of restitution (e) of different impact surfaces.

Impact Material Coefficient of restitution (e)

Aluminium 0.82
Acrylic 0.72
Steel 0.80
Rubber 0.70
Polyethylene (PE) foam 0.68
Polyurethane (PU) foam 0.36

tency. Mechanical properties of the soft materials can vary with the size,
shape, density, temperature, etc. Therefore, considering all these pa-
rameters for energy dissipation can become highly complicated. The
coefficient of restitution (COR) can depend on several factors, such as
impact velocity and material properties, and may be nonlinear. In this
study, COR is assumed constant for simplicity, and the close agreement
between experimental and numerical results supports this assumption
within the tested range. The coefficient of restitution can be determined
by the equation given below after knowing the initial and final height of
the ball after bouncing,

Hy

e= 4|~
H;

(®

Where Hy and H; are the final and initial heights of the ball. The rebound
tests are repeated three times, and the average is calculated to avoid any
human error. The calculated coefficients of restitution with different
impact surfaces are presented in Table 1.

It can be observed from Table 1 that the largest magnitude of the
coefficient of restitution is measured when there is a metallic surface
(Aluminium). On the other hand, the minimum magnitude of the coef-
ficient of restitution is measured when a soft cushioning material
(Polyurethane foam) is used as the impact surface. Interestingly, rubber
and polyethylene (PE) foam show a similar COR to the hard impact
materials. When the ball strikes the surface of rubber and PE foam, a
spring-like response can be observed during the experiments. Therefore,
a large rebound height is recorded compared to the polyurethane (PU)
foam. It should be noted that factors such as material durability, creep
resistance, temperature stability and long-term aging are not considered
in this study, as the focus is on the effect impact surfaces on damping
performance. Furthermore, formal noise measurements were not con-
ducted, the damping system was observed to operate without noticeable
audible noise during the experiments.
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Table 2

Parameters of the primary structure.
Parameter Magnitude
Mass (M) 2.82Kg
Natural frequency (f) 2.84 Hz
Damping ratio ({) 0.003

3.2. Methodology

A single degree of freedom (SDOF) structure is manufactured to test
the particle impact damper with different surfaces (Hard and Soft) at the
point of impact. The structure includes two beams acting as leaf springs,
and a mass at the top. Moreover, an exciter is installed to generate the
vibrations, as shown in Fig. 5.

A particle impact damper (PID) is developed by installing two
stoppers at the top of the primary structure. A transparent acrylic tube
with a metallic ball inside is used as the PID in these experiments. The
materials can be installed at either end of the stopper to provide
different impact surfaces during the vibrations.

The system parameters are identified through the free vibration
experiment. The structure is provided with an initial displacement and
the free vibration response without any external damping is recorded.

The results obtained from the free vibration analysis are presented in
Fig. 7, where Fig. 7(a) shows the displacement of the structure and Fig. 7
(b) shows the FFT spectra obtained from the displacement response. The
FFT analysis of the displacement data provides the natural frequency (f)
of the primary structure. Moreover, the response of the structure shows
that there is some internal damping present in the displacement of the
structure. Therefore, the damping ratio (¢) is determined with the log-
arithmic decrement method. Furthermore, the system parameters are
shown in Table 2.

The experiments are conducted on the structure and particle impact
damper with different contact surfaces. All experiments were conducted
at a single resonance frequency, which limits the generalizability of the
conclusions. This focused approach enables a detailed time-domain
analysis and provides deeper insight into the mechanisms of particle
impact damping and the effect of different materials. A sinusoidal force
at the resonance frequency (2.84 Hz) of the primary structure is pro-
vided with the exciter and the amplitude is kept is constant at 2 mm for
all experiments for the consistency. The displacement of the structure is
recorded through a contactless displacement sensor. A force sensor is

ann

600 mm

Fig. 6. Prototype of the particle impact damper attached to the SDOF structure.

installed on each stopper to record the force felt by the structure at each
impact, as shown in Fig. 6. The impact force varies with the use of
different cushioning materials. The length of the cavity (d = 60 mm),
excitation force magnitude, and mass ratio (u) are kept constant for all
experiments to study the effect of cushioning materials solely. The
thickness of the surface is 15 mm for all materials.

4. Results and discussions

The results obtained from the experiments and numerical model are
presented in this section. The numerical model with the coefficient of
restitution (e) to model the cushioning material is used to simulate the
response of the primary structure. Moreover, the parameters of each
experiment are used in the simulations to compare the results. The
damping performance of the particle impact damper with different
impact surfaces is presented and discussed below.

4.1. Hard Impact
1. Aluminium

First, Aluminium is used as the impact surface material between the
particle and primary structure. The coefficient of restitution between the
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in the steady-state region.

steel ball and the Aluminium surface is determined by experiments, as
shown in Table 1. This magnitude is used in the numerical model to
simulate the response of the primary structure.

The displacement of the primary structure recorded from the ex-
periments and numerical simulations is presented in Fig. 8 (a). The re-
sults show that the results from numerical simulations matches well with
the experimental results considering the nonlinearities involved in the
system. Furthermore, the system seems to stabilize after passing the
transient phase of vibrations and a steady-state response is evident after
it. The initial transient phase is a natural characteristic of dynamic
systems before steady-state motion is established. In the present case,
this behavior is further influenced by the clearance in the particle
damper, which delays the first impact. After the displacement exceeds
the clearance and particle collisions commence, the system gradually
stabilizes into steady-state vibration with sustained energy dissipation.

The stability plot (displacement-velocity) of the primary structure with a
displacement-velocity diagram is presented in Fig. 8 (b). The plot shows
that the impact with the particle and change in velocity occurs at the
same position in the steady-state region. The displacement of the pri-
mary structure and the impact with the particle synchronize after the
first peak of the displacement, eliminating any chances of disorganized
motion between two masses. The stability plot of the primary structure
obtained from the experiments and numerical model is compared in
Fig. 8 (b) as well.

One of the identified problems with the particle impact damper is
associated with high-intensity impact. Each impact induces stresses to
the primary structure, and it could be harmful to some vulnerable/weak
structures. Therefore, the force experienced by the primary structure at
each impact is measured by the force sensors installed on the other side
of the stoppers. When there is no cushioning material installed on the
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impact surface, the impact force can be higher and more dangerous for
the structure as it is a repetitive force. Furthermore, the negative force
values in the Fig. 9 indicate the direction of impact within the particle
damper cavity; forces on opposite sides of the cavity are assigned
opposite signs for clarity. The displacement-force plot is presented in
Fig. 9 (a), while the spectral density of the force data is presented in
Fig. 9 (b). The spectra show that most impacts occur at a frequency close
to the natural frequency of the primary structure.

2. Steel

In the next experiment, steel is used between the particle and the
primary structure. Steel has a similar magnitude of the coefficient of
restitution (e = 0.80) as aluminium. The displacement of the primary
structure recorded from the experiments and numerical model is pre-
sented in Fig. 10. It can be observed that the steady-state amplitude is
closer to the previous case.

Furthermore, the force experienced by the primary structure through
impacts is recorded and presented in Fig. 11 (a). It can be observed that
the magnitude of the force is identical to the previous case. Additionally,
the FFT of the time-series force data shown in Fig. 11 (b) shows that the
impact frequency strictly follows the vibration frequency.

3. Acrylic

The third test material for the hard impact is used as acrylic. Acrylic
is a commonly used material in various mechanical applications due to
its various advantages. The coefficient of restitution of the acrylic is
measured as e = 0.72. The coefficient of restitution is slightly lower than
the other two metallic surfaces. Acrylic is rigid, and a hard impact is
generated at each collision. The displacement of the primary structure
with acrylic in the PID is presented in Fig. 12 (a). While the stability plot
of the structure is presented in Fig. 12 (b).

The force experienced by the primary structure using acrylic as the
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impact surface is presented in Fig. 13 (a). The magnitude of the force is
slightly lower than the other two hard-impact surfaces. It can be
observed that the contact force magnitude is highly related to the co-
efficient of restitution of the material.

4.2. Soft impact
4. Rubber

A stopper with rubber installed on the collision side is installed to
provide a softer surface for the impact. Rubber is a widely used material
in vibration isolation applications. The material properties of the rubber
can change abruptly with the environmental conditions, which makes it
challenging to model the response of such materials. Therefore, it is
assumed in the numerical model that the coefficient of restitution and
temperature is constant throughout the operation of the particle impact
damper.

From the force-deflection plot of rubber in Section 3.1, it can be
observed that the rubber shows the densification region quickly. The

1.5 : ; : : :

Force (N)
=]

-15 - - : - -
5 10 5 0 5 10 15
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deformation remains linear against the limited force but quickly be-
comes nonlinear with a parabolic response. The inner structure of the
rubber densifies after a limited force, and it requires excessive force to
deform the rubber after that. One of the advantages of rubber can be
observed is that it has a long elastic region and can recover the initial
shape even after a huge force. The response of the rubber is tested in the
coefficient of restitution experiments, and the magnitude is measured as
0.70. Compared with the hard impact (Aluminium), the rubber shows
relatively higher energy dissipation in impact.

The displacement of the primary structure while using rubber as the
cushioning material is plotted in Fig. 14 (a). The plot shows that the
results from experiments match the numerical results with (e = 0.70).
The coefficient of restitution of the rubber is still higher due to its elastic
properties. A spring-like response has been observed which adds to the
energy of the particle motion at each impact. This shows that the coef-
ficient of restitution is highly influential on the outcome of particle
impact damper, and precise care is required during the designing pro-
cess. On the other hand, the stability (displacement-velocity) plot is
shown in Fig. 14 (b) with experimental and simulation data. Compared
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Fig. 15. (a) Displacement-Force plot of the primary structure with rubber as cushioning material (Experiment) (b) PSD of the force data.
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with the hard impact, the impact occurs in multiple locations due to the
beating phenomenon during the steady-state region.

The force experienced by the primary structure is recorded with the
force sensors attached to the stoppers. The displacement-force plot is
presented in Fig. 15 (a). Compared with the hard impact (Section 4.1),
the magnitude of the force exerted on the primary structure is reduced
significantly. A smaller force exerted on the primary structure during
operation can assure the protection of the structure by using a particle
impact damper. One of the concerns of using rubber can be associated
with vibration reduction performance, as the amplitude of the
displacement is not reduced significantly. Furthermore, the FFT analysis
of the force data provides the frequency of impact, as shown in Fig. 15
(b). It can be observed that the impacting frequency is close to the

natural frequency of the structure.

5. Polyethylene (PE) foam

Polyethylene (PE) foam is commonly used in packaging. It is
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considered the shock-repellent kind of foam of its properties. Looking at
the force-deflection curve of PE foam (Section 3.1), a similar response as
the rubber can be observed. Moreover, the coefficient of restitution is
measured near that of rubber. Therefore, a similar response to the rubber
can be expected by using PE foam as the cushioning material in the
particle impact damper.
Displacement of the primary structure while using PE foam as the
cushioning material in PID is presented in Fig. 16 (a). The results from
numerical simulations and experiments show a similar response to the
rubber as the cushioning material. The influence of the design param-
eters especially the coefficient of restitution and clearance can be
considered highly complicated. It is challenging to describe the rela-
tionship between these parameters and the performance of PID. Fixing
the clearance and altering the coefficient of restitution only show that
the response can change drastically with a slight change in the coeffi-
cient of restitution (e). On the other hand, the stability plot of the pri-
mary structure in the steady-state region can be seen in Fig. 16 (b). The
plot shows that there are impacts at more than two locations due to the
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Fig. 17. (a) Displacement-Force plot of the primary structure with PE foam as cushioning material (Experiment) (b) PSD of the force data.
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Fig. 19. (a) Displacement-Force plot of the primary structure with PU foam as cushioning material (Experiment) (b) PSD of the force data.

presence of beating phenomena. It is understood that the beating phe-
nomenon occurs due to misaligned design parameters. The steady-state
response requires an aligned combination of design parameters, where
the motion of the particle synchronizes with the motion of the primary
mass.

The displacement-force plot is presented in Fig. 17 (a), while the FFT
analysis of the force data is shown in Fig. 17 (b). The magnitude of the
force experienced by the primary structure through impacts with PE
foam is identical to the rubber. The magnitude decreases significantly
compared to the hard impact. The displacement amplitude with PE foam
and rubber can be acceptable in some applications but there is still room
for improvement.

6. Polyurethane (PU) foam

Polyurethane (PU) foam can be considered the actual cushioning
foam in industrial applications. It is softer than PE foam and rubber with
soft nature. The force-deflection curve of PU foam (Section 3.1) shows a
slightly different response compared to PE foam and rubber. The Energy-
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absorbing region was only seen during the compression test of PE foam
compared to the other cushioning materials. Therefore, this foam can be
considered the softer of them all. Furthermore, the energy absorption is
verified from the coefficient of restitution tests. The coefficient of
restitution of the PU foam is e = 0.36, which is the lowest among these
materials.

The displacement of the primary structure with PU foam in PID is
presented in Fig. 18 (a). The graph shows that the amplitude of the
displacement reduces significantly with PU foam as the energy dissi-
pation increases. Furthermore, the stability (displacement-velocity) di-
agram presented in Fig. 18 (b) shows that there are two impacts only in
each cycle during the steady-state region. It can be concluded from the
graphs that the softer material dissipates more energy through the im-
pacts in PID, which leads to the less disorganized motion of particles.
Hence, the particle will have a significantly synchronized motion with
the primary mass leading to a more stable response.

The displacement-force plot from the experiments is presented in
Fig. 19 (a), which shows that the magnitude of the force experienced by
the structure is reduced further by using polyurethane (PU) foam in the
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with soft impacts (Experiment).

PID. The softer nature of the foam absorbs most of the impact energy and
protects the primary structure. Moreover, PU foam can protect vulner-
able structures without compromising the performance of PID. Addi-
tionally, Fig. 19 (b) shows the spectral density of the force data, which
shows that the impacting frequency is matching with the natural fre-
quency of the primary structure. It is understood that irrespective of the
impacting material, the frequency of impact follows the frequency of
vibrations.

4.3. Discussion

The performance of the particle impact damper attached to the single
degree of freedom is studied with different impact surfaces in Section 4.1
and 4.2. The displacements of the primary structure with different
impacting surfaces in PID from experiments are compared in Fig. 20. In
this figure, the rms displacement magnitude recorded from numerical
simulations and experimental data is compared. Maximum error %
among the presented results is calculated as 7.14% which lies within
acceptable range considering the several nonlinear phenomena involved
in the system. The results show a good agreement validating the
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numerical model.

The maximum RMS amplitude is achieved with Aluminium as the
impact surface between the particle and primary mass. It is directly
related to the coefficient of restitution of the material. It is well under-
stood that the higher COR promotes the momentum exchange and lesser
energy absorption at impacts. The principle of damping of PID consists
of momentum exchange and energy absorption at impacts. Therefore, a
balanced combination of energy absorption and momentum exchange is
required to maximize the performance. The minimum displacement
amplitude is achieved when using PU foam (e = 0.36) as the cushioning
material in PID.

Furthermore, it is determined that the amplitude of the displacement
can be reduced to 52 % by choosing a proper material for the impact
surface. Additionally, it is also proved that the understanding of the
material selection is necessary for maximum vibration suppression as all
the cushioning materials are not guaranteed to improve the
performance.

The stability of the vibration is another parameter to justify the effect
of any damper associated with a structure. The results from each cush-
ioning material verify that the system stability during the vibrations is
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Table 3
Comparison of the amplitude reduction with different surface materials in PID.

Surface material Coefficient of restitution (e) Amplitude reduction

Aluminium 0.82 —

Acrylic 0.72 09.20 %
Steel 0.80 03.71 %
Rubber 0.70 21.38 %
Polyethylene (PE) Foam 0.68 22.35%
Polyurethane (PU) Foam 0.36 52.16 %

appropriate. The comparison of the displacement-velocity plots is pre-
sented in Fig. 21 (a) for the different hard impacts. The slight bumps in
the velocity plot show the effect of an impact. It can be observed that the
hard impacts have unorganized impacts throughout the motion of the
structure. In addition, few impacts are adding to the system’s energy
rather than dissipation. On the other hand, Fig. 21 (b) shows the
displacement-velocity plot of soft impacts. The standout is that there are
a clear two impacts per cycle evident in the plot. Although more than
two impacts per cycle are possible, the most effective impacts are only
two in each cycle and occurring at a similar position. Additionally, there
is no visible spike showing the energy added to the primary structure
through impacts.

It can be observed that the minimum velocity amplitude is achieved
when polyurethane (PU) foam is used as the soft impact material. The
coefficient of restitution of PU foam is 0.36, which leads to balanced
momentum exchange and energy dissipation through impacts. It is
worth noting that any soft impact material improves the performance of
the particle impact damper. Furthermore, a clear understanding of the
effects of hard and soft materials on the performance of PID is required
to achieve maximum vibration attenuation.

On the other hand, the force exerted on the primary structure during
the operation of PID is compared in Fig. 22 for different impact surfaces.
It can be concluded that the larger impact force cannot be related to
better damping performance. The larger impact force is rather related to
inducing high local stress to the primary structure through impacts,
which might be harmful to some vulnerable structures.

The maximum RMS displacement magnitude is observed with
Aluminium as the impact surface. The RMS displacement of the vibra-
tions is compared with Aluminium to compare the performance of
different materials, and the results are presented in Table 3. It can be
observed that the soft impact outperforms the hard impact surfaces.
Additionally, an accurately selected soft impact material (PU foam in
this study) can reduce the amplitude of vibrations to 52 %.

PE foam
Impact Surface
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PU foam Rubber Steel

22. Comparison of the impact force experienced by the primary structure during operation (Experiment).

5. Conclusion

This study demonstrates the critical influence of the impact material
on the performance of particle impact dampers. Experimental and nu-
merical investigations were carried out using three commonly applied
soft materials, rubber, polyethylene (PE) foam, and polyurethane (PU)
foam as impact surfaces, and compared with traditional hard impacts
(Aluminium, Steel, Acrylic). The experimental results were further
validated with a simplified numerical model incorporating the experi-
mentally measured coefficients of restitution. The findings indicate that
larger contact forces do not necessarily result in higher damping effi-
ciency. Rubber and PE foam exhibited long elastic deformation regions
and spring-like, shock-repellent behavior, but their damping perfor-
mance was lower than that of hard impacts. In contrast, PU foam, with
its energy absorption properties and lowest coefficient of restitution
among the tested materials, achieved a vibration amplitude reduction of
up to 42%. These results underscore the importance of carefully
selecting the impact material to optimize PID performance, minimize
structural damage, and reduce operational noise. By addressing the
previously underexplored role of the impact surface, this study provides
practical guidance and novel insights for designing PIDs for maximum
vibration attenuation and structural protection.
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