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Abstract

Single-particle impact dampers (SPIDs) are simple, yet impactful devices that mitigate
vibrations in various applications such as high-rise structures, machinery, and satellites.
However, the high-intensity impact forces transmitted to the host structure pose a risk to older
and vulnerable structures. Therefore, this study investigates the performance of SPIDs with
soft impacts, employing viscoelastic materials to minimize the impact forces and noise levels
without degrading the damping performance. Four different materials (rubber, ethylene-vinyl
acetate, acrylic and poly-urethane foams) exhibiting different viscoelastic properties are
studied and compared with hard impact. An approximate Voigt model for the stiffness and
damping coefficient of viscoelastic material is used to conduct numerical simulations and to
evaluate the damping performance of SPIDs. Dynamic mechanical analyser (DMA) tests are
conducted to determine the dynamic properties of viscoelastic materials. An experimental rig
which includes a single-degree-of-freedom host structure, and a prototype SPID is designed
and manufactured. Experiments are conducted to determine the damping performance, impact
force and noise level with soft impacts and the results are compared with hard impacts. The
results reveal a 40% reduction in vibration amplitude at resonance frequency, an impressive
96% reduction in impact force at resonance, an 11.55dB reduction in the noise level using poly-
urethane foam (softest impact) compared to steel (hard impact). Although viscoelastic materials
may not be suitable in harsh environmental conditions, this study demonstrates that introducing
a viscoelastic material in SPID can resolve its major drawbacks such as impact forces and noise

leading to a simple, cost-effective, and safe SPID.
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1. Introduction

Damping is a crucial element in engineering applications, especially focusing on vibration
control and noise reduction (Housner et al., 1997). Passive vibration control technologies
(Djemal et al., 2019; Meador and Mead, 1999) gained further importance due to their ability to
operate without external power, including the use of particle impact dampers (Gagnon et al.,
2019). Passive dampers, despite their advantages, face several design, installation, and
performance constraints. For instance, viscous dampers can suffer from oil leakage, increased
weight, and complex tuning and installation processes (Nehemy et al., 2023; Koutsoloukas et
al., 2022; Jaisee et al., 2021; Enriquez-Zarate et al., 2019; Salvi et al., 2018; Trindade, 2016).
Tuned Mass Dampers (TMDs) also operate effectively only within a narrow range of design
parameters. These challenges have prompted other engineering disciplines to seek solutions to
these costly design requirements. Recent advancements in materials and engineering
techniques have mitigated some of these concerns, leading to the successful use of TMDs in
civil and structural applications (Wang et al., 2023; Jami et al., 2024; Rupakhety et al., 2020;
Lietal, 2021b; Li et al., 2021a; Gao et al., 2020; Banerjee et al., 2022; Araz, 2022). However,
the high cost of designing and implementing passive dampers continues to drive researchers to
explore simpler alternative solutions to address these challenges. Therefore, particle impact
dampers have gained significant attention due to their simplicity, effectiveness, and flexibility
in a wide range of industrial applications (Xia et al., 2011; Els, 2011; Bai et al., 2009; Sims et
al., 2005; Simonian, 2004). By introducing moving particles, these dampers can dissipate
energy and reduce vibration amplitude, leading to improved performance and enhanced
structural integrity. However, these dampers exhibit highly nonlinear phenomena during
operation (Wong and Rongong, 2009). Nonlinearity generates a huge challenge to develop
theoretical models for their optimal designs (Gagnon et al., 2019; Lu et al., 2018) and, there is
still a lack of analytical models to estimate the response of a primary structure with particle

impact damper.

In recent research, there has been a growing focus on Single-Particle Impact Dampers (SPIDs)
due to their relatively simpler analysis and easier design methodology, which consist of a single
moving mass in a cavity installed onto the primary structure (Wang et al., 2022; Zhang et al.,
2022; Zurawski et al., 2023; Akbar et al., 2023; Akbar and Wong, 2023). The operation of
SPIDs is based on the principles of momentum exchange and energy dissipation through

impacts. The single mass oscillates in response to the structural vibrations and collides with the



primary structure within the cavity, each collision results in momentum exchange and energy

dissipation depending on the nature of the impact and mass ratio (Masri, 1970).

Through the study of SPIDs, valuable insights can be gained regarding the design and
optimization of impact dampers. However, most previous research has mainly focused on hard
impacts (Prasad et al., 2022; Meyer and Seifried, 2020; Huang et al., 2021; Yang and Wang,
2019; Snoun and Trigui, 2018). In literature, most of the numerical studies model a SPID for
simplicity in the analysis (Wang and Dan, 2022; Wei-ming et al., 2019; Huang et al., 2020;
Trigui et al., 2009; Lu et al., 2011) as it can be extremely difficult to predict the dynamic
response of the system with numerous moving particles (Masri, 1970; Wong and Rongong,
2009). SPID is the simplest type of impact damper which can be designed and installed easily
on any structure (Zhang et al., 2022; Wang and Dan, 2022; Safaeifar and Sheikhi Azqandi,
2021). The impacts are usually modelled with a coefficient of restitution and the contact
between colliding bodies is not considered. SPID with hard impacts, thanks to large coefficients
of restitution and momentum exchanges, still provides reasonable damping to the primary
structure. However, during operation they may compromise the structural integrity and increase
the noise levels. These drawbacks pose significant challenges, limiting the practical
applications of SPID technology. The iterative impact force generated by heavier single particle
on the primary structure may lead to damage or failure especially in vulnerable and old
structure. On the other hand, a soft impact obtained by introducing a viscoelastic buffer might
result in larger energy dissipation due to material deformation but also in a lower momentum
exchange. This dissipation of energy leads to a reduction in the overall system response,
effectively attenuating vibrations and mitigating structural resonance. Experimental studies on
buffered particles impact dampers have been carried out (Lu et al., 2012; Wang et al., 2020)
where several types of impact surfaces and particles were studied. It was shown that collision
hardness is negatively correlated to the reduction of the host structure accelerations. However,
the use of soft impact in SPIDs still draw contrasting views and the impact forces on the host

structure were not previously examined.

This study investigates the damping effects of soft and hard impacts in a SPID for the first time.
In particular the fundamental design objective is to find a solution that minimizes the high
impact forces and noise levels arising from SPIDs without compromising the damping
performance (Zurawski et al., 2023). Soft impact involves the use of viscoelastic materials that

can deform and dissipate energy during an impact, whereas a hard impact refers to rigid



materials that exhibit minimal deformation. Understanding the influence of impact materials
on the performance of single-mass dampers is of utmost importance. The choice of impact
material directly affects the system’s ability to absorb energy, dissipate vibrations, and reduce
noise levels. The overall hypothesis is that SPID with soft impacts can provide better damping
efficiency than SPID with hard impact and protect the primary structure from impact forces

generated by iterative impacts with minimal noise generation.

To analyse the problem, a numerical model with consideration of the viscoelastic behaviour of
the impact materials is constructed. The Voigt model is used to approximate the stiffness and
damping coefficient of viscoelastic material for time-history simulations. A comprehensive
analysis using a numerical model is performed for the optimal design of the SPID. In addition,
an experimental rig is designed and built to validate the conclusions drawn from the numerical
model. Various viscoelastic materials (rubber, acrylic foam, Ethylene vinyl acetate (EVA)
plastic, Polyurethane (PU) foam) are used in the experiments to study the damping performance
of SPIDs. Dynamic mechanical analyser (DMA) compression tests are performed to determine
the dynamic properties of viscoelastic materials such as loss modulus, storage modulus and
loss factor. Furthermore, the damping performance of a SPID with viscoelastic impact surfaces
is compared with rigid metallic impact surfaces in the damper cavity determined from
experiments. During the experimental tests both impact forces and emitted noise have been

recorded.

Overall, this study provides a solution to the problems associated with the existing design of
SPID with hard impact. SPID with hard impact generates iterative impact forces and excessive
noise during operation leading to compromising structural integrity and comfort of living. SPID
with soft impact is introduced and studied to enhance the damping efficiency and protect the
primary structure from impact forces and excessive noise levels during operation. On the other
hand, viscoelastic impact materials may limit the applications of SPID. Mechanical properties
of viscoelastic materials are dependent on several factors, including temperature, frequency of
vibration and force amplitude. Nonetheless this work might open the road to future studies on
the effect of temperature or environment on the damping performance of viscoelastic impact

materials.

2. Methodology



In this section, the methodology for the numerical and experimental methods is described. The

theoretical model is developed and discussed with numerical analysis.

2.1. Numerical model

The SPID consists of a single mass placed in a cavity within the primary structure often free to
move in one direction. Often, a multiparticle impact damper is also designed as a SPID for

simpler analysis in theory.
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Figure 1. Mechanical model of a SPID with viscoelastic material attached to an SDOF system represented by

the Voigt model.

A mechanical model of a SPID with viscoelastic material attached to an SDOF structure is
presented in Figure 1. Here M is the mass, k is the stiffness, and x; is the displacement of the
primary structure. While m is the mass, x, is the displacement of the particle. The clearance
magnitude between particle and primary mass is represented by d, and y is the base motion.
The particle collides with the primary structure when (x; — x, = d). Furthermore, the stiffness

of the viscoelastic material can be described by complex stiffness as (Wong et al., 2018),
ks () = VE(0) = v(Es(0) +jE(w)) = VEs(w)(1 + jn(w)) (1)

In the above equation, w is the frequency, v is the shape factor related to the geometry of the
viscoelastic material, and E.(w) is the complex elastic modulus of the viscoelastic material.
E;(w) and E;(w) are the storage modulus and loss modulus, respectively, of the viscoelastic

material. n(w) is the loss factor defined as (Wong et al., 2018),
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The mechanical properties of viscoelastic materials can be nonlinear due to the dependence on
various parameters. The complex shear modulus depends on the vibration frequency and the
temperature of the material. In this study, the temperature effect on the viscoelastic material is
assumed constant in time. The moduli of the viscoelastic material in this study are therefore

shown as functions of the vibration frequency only.

The equation of motion of the primary mass and particle shown in Figure 1, when the particle

1S not in contact with the viscoelastic material can be written as,
mi, =0 (4)

When the particle is in contact with the viscoelastic material, the equations of motion of the

primary structure and particle can be written as,
m¥, —F. =0 (6)

F. in Equations (5) and (6) is a nonlinear contact force. Generally, impact force depends on the
properties of the impact surface, relative position, and velocity between colliding bodies. The
hysteretic damping model with complex stiffness is acausal, although it describes the material
appropriately in the frequency domain but cannot be used for time domain simulations, hence

an approximate model is required for time domain simulations.

Friction between the primary mass and particle is another parameter which can influence the
motion of the particle. However, it has been verified that the large amount of friction has a
negative effect on the damping performance of SPID (Akbar et al., 2024). Therefore, the

friction effects are ignored in the numerical analysis for further simplification.

The behaviour of viscoelastic material can be overly complicated and its dependence on
vibration frequency makes it difficult to model accurately. Therefore, an approximation is
needed for numerical analysis. In this study, the Voigt model, which is a linear representation

of viscoelastic behaviour, is used to approximate the stiffness and damping component of the
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viscoelastic material from the complex modulus. Voigt model is commonly used due to its
simplicity and direct approach in modelling viscous and elastic behaviours of any viscoelastic
material. It consists of a spring element and a dashpot element connected in parallel as shown
in Figure 1. The spring element represents the material's elastic response, generating a force
proportional to the displacement. The dashpot element represents the material's viscous
response, generating a force proportional to the velocity. The Voigt model provides a simplified
representation of viscoelastic behaviour which is frequency independent and is commonly
utilized in engineering and materials science to analyse and predict the response of viscoelastic

materials under different loading conditions.
The viscoelastic force from the Voigt model (Zhou et al., 2016) can be determined as,

F, = kyH(xq,x3) + ¢1G(xq, X3) (7)

Here k, represents the elastic behaviour or the stiffness of the viscoelastic material. It can be
related to the storage modulus of the viscoelastic material as k; = VE;(w), which is the real
part of the complex modulus. On the other hand, c; represents the viscous behaviour of the
viscoelastic material or the damping and can be related to the loss factor and vibration
frequency (f) as ¢; = VEg(w)n/f = kyn/f, which is the imaginary part of the complex
modulus (Kaul, 2021; Li, 2020; Momani et al., 2021). Utilizing the approximate model to
represent the viscoelasticity of impact material, it is possible to analyse the system numerically.
H(xq,x,) and G(x4, x,) are functions representing the relative positions and velocity between
primary structure and particle (Masri and Caughey, 1966; Chatterjee et al., 1995). These

functions are defined as,
Hx,x2) = (g —x, =) Uy —x, —d) + (x; —x, + D) U(—x; + x, —d)  (8)
Gy, %p) = (X1 —X)U(xg — x5 —d) + (X1 — X)U(—x1 + x, — d) 9)

U(x) is a unit-step function known as the “Heavyside” function in MATLAB software. The
output of this function is 0 or 1. The step function detects the impact on either side of the

boundary during numerical simulations. Furthermore, the natural frequency of the primary

k
w1 = \/% (10)

structure is defined as,
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Figure 2. Flowchart of computation process.

A MATLAB program is written to simulate the system using the equations mentioned before.
The flowchart of the computation process is presented in Figure 3. The primary structure
vibrates under the influence of ground motion. The motion of particle starts with the impact.
The computation algorithm keeps track of the positions of the primary structure and particle,
an impact is detected whenever the positions of the primary structure x; and particle x, satisfy
the impact conditions presented in Equations (8) and (9). When the impact is detected on either
side of the cavity boundary, the impact force F, is calculated based on the H(x;,x,) and
G(xq,x,) and properties of the viscoelastic material (k; — ¢;). Now, the impact force is
updated, and the equations of motion are computed again for the next time step under the
influence of impact force. Time step in the numerical model is extremely important. A large
time step will lose important information while a very small-time step may cost a huge
computation power. Therefore, a trial-and-error base convergence analysis is performed to
determine the appropriate time-step for displacement response of the system. The convergence
analysis showed that the time step beyond 0.0001 sec leads to similar results up to 4 decimal

places.
2.2. Experiment setup.

The experimental rig is comprised of a steel frame with dimensions measuring

600x200x100 mm. The base is fixed on a moving plate which is connected to a shaker. There



are two laser displacement sensors (Panasonic HG-C1200) measuring the displacement of the
top of the primary structure and the displacement of the base. The sketch of the experiment

setup is shown in Figure 3a.
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Figure 3. (a) Sketch of the experiment setup. (b) Developed SPID used in experiments

A SPID is designed and manufactured as shown in Figure 3b. A linear slider is installed on the
top surface of the primary structure, and a sliding rail carrying the secondary mass can slide on
it. The mass of the particle can be changed by choosing the number of plates fixed on the sliding
part. The sliding mechanism ensures the movement of impact mass in one direction and
minimizes the friction between primary and secondary mass. Moreover, Impact materials are
installed on either side of the boundary. Two force sensors (B&K Delta Tron Type-8200) are
installed to either end between the boundary and impact material. The force sensors record the
impact force anytime sliding mass impacts with the impact material. Various impact materials
are used in this study such as viscoelastic materials and rigid impact materials. Furthermore,
clearance d is the distance between the particle and the primary structure wall. The clearance

magnitude can be changed by moving the L-beams as shown in Figure 3b.

Free vibration tests are carried out to determine the parameters of the primary structure. The
primary structure is provided with an initial displacement with no additional damper added to
it. The free vibration response is recorded and the system parameters such as natural frequency
and damping ratio are calculated by FFT and logarithmic decrement methods, respectively.

Parameters of the primary structure are presented in Table 1.



Table 1. Calculated parameters of the primary structure

Parameter Magnitude

Mass (M) 1.6 Kg

Natural Frequency (w;) 2.7 Hz
Damping ratio (0) 0.0038

2.3. Materials

In this section, the materials tested in this study are discussed. To see the effect of viscoelastic
materials on the damping performance of the SPID, a few soft materials exhibiting viscoelastic
properties are used and compared with the hard impact where no material deformation is
evident. Viscoelastic materials are generally commercially available and have various
applications in vibration control (Oyadiji, 1996). However, their mechanical properties such as
elastic and viscous behaviour are not independent and cannot be selected separately. Their
properties are usually dependent on the shape, material, and internal design. They exhibit
nonlinear elastic and viscous behaviour generally dependent on the temperature and vibration

frequency.

The materials used in this study are presented in Figure 4. Rubber, EVA rubber (obtained from
a commercial anti-vibration pad), acrylic and PU foams exhibit viscoelastic properties and
generate soft impacts. On the other hand, steel is used to produce hard impact. The hard impact
is achieved by removing the viscoelastic materials from the walls of cavity, so that the particle
mass hits the metallic walls, and the length of cavity is kept constant for every material. In
general, the mechanical properties of viscoelastic materials are dependent on the vibration
frequency and temperature. However, the effect of temperature is assumed to be constant and
therefore, the properties are determined in the frequency domain only. The viscoelastic
properties (storage modulus E, loss modulus Ej, loss factor n) are determined by performing
dynamic mechanical tests through a dynamic mechanical analyzer (DMA- Mettler Toledo

DMALI).
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Rubber EVA anti-vibration Acrylic Foam Polyurethane (PU)
pad foam

Figure 4. Pictures of the viscoelastic materials used in this study.

The dynamic tests display the viscoelastic properties of the materials, as shown in Figure 5.
Storage modulus, loss modulus, and loss factor are measured through DMA tests in the
frequency domain at room temperature (approximately 25°C). Storage modulus is referred to
as the elastic response of the material while the loss modulus is the viscous response of the
material over the frequency span (Henriques et al., 2020). The loss factor is the measure of
material damping and is defined as the ratio of loss modulus and storage modulus. Figure 6
shows that PU foam has a lower magnitude of storage and loss modulus. On the other hand,

acrylic foam exhibits a higher loss factor with larger storage (elastic) and loss (viscous) moduli.

The natural frequency of our primary structure is around 2.7Hz, which shows that the frequency
of interest in this case will be below SHz. In addition, the change in the material properties in
frequency domain is not very marked, especially at low frequency vibrations. Therefore, this
system can become equivalent to a material with constant hysteretic damping, which is not
frequency dependent. Hence Voigt model can approximate the material response linearly. The
Voigt model (Figure 1) describes the elastic effect with storage modulus and shape factor (k; =
VE) , while the viscous part is represented by elastic part and loss factor (¢; = VEsn/f =
kin/f). Here, the viscoelastic factors such as E; and 7 are selected from Figure 5 according to
the natural frequency of the system. Furthermore, the shape factor (sometimes called the
geometry factor) may directly influence the response of the viscoelastic materials. As the name

states, the shape factor depends on the geometry or shape of the viscoelastic material and it can

2
be calculated as v = A/L for rectangular shape and v = % for cylindrical shape; Here L is the

length, A is the cross-sectional area, and D is the diameter in the case of a round sample.
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Figure 5. (a) Storage modulus E and (b) loss factor  obtained by performing dynamic mechanical tests for
rubber, EVA anti-vibration pad, acrylic foam and PU foam materials.

3. Results and discussion
In this section, the results are presented for both numerical and experimental analysis. The key
observations are discussed from the numerical results and are validated through experiments.

3.1. Model Validation

The results obtained in this study are obtained numerically and experimentally. It is well
understood that the numerical model provides better understanding of any system behaviour
over a wide range of parameters, as several combinations of the parameters can be tested.
However, it is necessary to validate the numerical model for the accuracy of the results.
Therefore, this section shows the direct comparison of the numerical and experimental results
in time-domain. The Voigt model is a linear representation of the viscoelastic behaviour;
therefore, a time-domain comparison can show the accuracy of the complete numerical model
and if there are any discontinuities in time-domain. The cavity length is found to be the most

important parameter in the SPID by various studies. Therefore, this validation is performed on

three cavity lengths.
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The comparison of numerical and experimental results over different magnitudes of relative

clearance (%) is presented in Figure 6, where the relative clearance represents the cavity length
(d) with respect to the base excitation magnitude (Y) for more generalized results. This
comparison is for only PU foam which is the softest material among the other tested
viscoelastic materials. The results show that the numerical model even with a linear
representation of viscoelastic behaviour (Voigt model) provides good agreement with the
experimental results. Considering the nonlinear characteristics of the whole system, the results
show an overall good agreement between experimental and numerical approaches, specifically
in Figure 6b. It has been observed that the clearance magnitude has a significant role in
determining the nature of displacement and, the system responds with a steady state, a beating
or a relatively chaotic behaviour depending on the clearance magnitude. An appropriate tuning
of the clearance magnitude causes two impacts per cycle and a relatively steady state response.

The appropriate choice of the clearance magnitude is the reason for the better agreement

observed in Figure 6b.
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3.2. Numerical Analysis

The theoretical model of a single-degree-of-freedom structure with a SPID is presented in
Section 2.1. The model is simulated with the Runge-Kutta 4"-order method. There are various
important parameters that can affect the performance of a SPID such as viscoelastic properties,
relative clearance, and mass ratio. It has been identified that the relationships of these design

parameters are inter-linked, therefore, a contour map is used to observe the effect over several

combinations.
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Figure 7. Contour of resonant vibration amplitude over various combinations of relative clearance [g] and, (a)
stiffness VE; with n = 0.2 or, (b) loss factor 1 with stiffness VE; = 1000 N/m.

Figure 7 demonstrates how vibration amplitude changes across several combinations of
important design parameters such as, relative clearance and properties of the viscoelastic
materials. The contour of Figure 7a shows the resonant vibration amplitude over various
combinations of relative clearance and storage modulus, while keeping the loss factor constant
at 0.2. It can be observed from Figure 7 that the role of storage modulus of viscoelastic
materials is minor in the damping performance of SPID. It is observed that the clearance
magnitude is the critical parameter for the design of SPID. A similar conclusion can be gathered
from Figure 7b which shows the contour map between several combinations of relative

clearance and loss factor while keeping the stiffness [VE;] constant at 1000N/m.

As the influence of viscoelastic properties is minimal for the design of SPID, the impact force
can be reduced with viscoelastic materials. Therefore, the impact force and noise produced

during the operation of a SPID can be reduced by introducing a soft material at the walls of the
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container without degrading the damping performance. Three different relative clearances are
tested with the soft materials illustrated in Section 2.3 and compared with a hard impact. The

selected parameters of each viscoelastic material for numerical analysis are presented in Table

2.

Table 2. Viscoelastic properties selected for numerical simulations for soft impact.

Material VE [kKN/m] Loss Factor (1)
Rubber 43.436 0.164
EVA anti-vibration pad 51.636 0.209
Acrylic Foam 112.43 0.683
PU Foam 1.0249 0.224

Steel does not show viscoelastic behaviour; however, it should have a very high stiffness and
small viscous effect in comparison with the viscoelastic properties of these soft materials. The
numerical model described for viscoelastic materials cannot represent the behaviour of steel,
therefore, the damping performance of steel in the SPID for hard impact is only measured

through experiments and compared with the soft impacts.

Figure 8 illustrates the vibration response of the structure with different clearance magnitudes
and various viscoelastic materials. The numerical results indicate that the choice of material
for soft impact has a minimal impact on the vibration response. PU foam has the lowest
stiffness (storage modulus) among all the tested materials, resulting in enhanced energy
dissipation and slightly improved damping performance. Interestingly, the vibration response

remains relatively consistent across all tested materials.

Overall, it can be concluded that the choice of material for soft impact has less influence on the
performance of a SPID. On the other hand, clearance magnitude is clearly the most influential
and important design parameter for a SPID. The freedom in the choice of material in SPID
allows for resolving other issues related to SPID in literature. High-intensity impact force and
excessive noise are commonly mentioned problems associated with SPID. These problems can
be resolved by employing a soft material (PU foam) at the walls of the cavity in SPID without
compromising the damping performance. The softer material enhances the damping

performance as well.
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3.3. Experimental validations
To further validate the conclusions from the numerical analysis, experiments are conducted on

a single-degree-of-freedom structure with a SPID with different materials. The experimental

setup is presented in Section 2.2.
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Figure 9. Resonant vibration amplitude recorded from experiments with soft and hard impact in SPID over
different clearance magnitudes: (a) d/Y = 5; (b)d/Y = 10; (¢c) d/Y = 15.

Figure 9 shows the vibration amplitude of the primary structure with different clearance
magnitudes. In the experimental analysis, a rigid material (steel) is tested alongside viscoelastic
materials. The results show a similar trend found in the numerical analysis. It can be observed
that there is a difference in damping performance with soft and hard impacts. The soft impacts
(PU foam) in the SPID reduce vibration amplitude by 36%, 40% and 32% compared with hard

impact (steel) for relative clearance of 5, 10, and 15, respectively. The damping mechanism of
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SPID relies on the impacts and each impact results in momentum transfer and energy
dissipation based on the material installed. A higher momentum transfer and lesser energy
dissipation can be expected when a hard surface is used, and vice versa for a soft surface. The
results here show that a soft impact enhances the damping performance of SPID and that the
numerical difference between the viscoelastic materials under investigation is not significant.
Hence, a balance of momentum transfer and energy dissipation is achieved with viscoelastic
materials. For example, if a viscoelastic material is comparatively harder than other, a larger
momentum transfer will occur and lesser energy dissipation. On the other hand, a larger energy
dissipation and smaller momentum transfer is expected when a relatively softer material is
installed. Overall, it seems that the balance of both phenomena is achieved leading to almost

identical damping performance (Wang et al., 2020).

Table 3. Comparison of experimentally recorded and simulated vibration amplitude over different relative
clearances of SPID

d  Acrylic Foam  EVA anti-vibration pad Rubber PU Foam Steel
Y Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp.
5 30.16 27.19 33.84 28.99 3452 2970 22.11 24.48 34.52
10 10.73 11.01 8.09 9.32 8.09 8.41 7.71  8.84 12.87
15 17.15 13.88 18.46 12.46 15.60 11.45 13.21 10.86 19.41

These results support the initial hypothesis that a hard impact enhances the momentum
exchange between the primary mass and the particle with minimal energy dissipation. In
contrast, a softer impact achieves a balance between momentum exchange and energy
dissipation through material deformation and internal complex structure. It becomes apparent
that when a hard impact occurs between the primary structure and the particle, the impact force
and noise during operation will be higher. Conversely, a softer impact leads to minimal noise,
lower impact force, and better damping performance. Furthermore, the dimensionless vibration
amplitude of SDOF structure is compared in Table 3 gathered from simulations and
experimental data. The comparison shows that there is a good qualitative agreement between

simulations and experimental data.

To verify the reduction in impact force exerted on primary structure, two force sensors are
installed on either wall of the cavity in a SPID as shown in Figure 3b. The impact force data is
recorded for each impact material and compared in Figure 10. As the resonance peak might

shift slightly with different damper settings, the impact force is measured for the whole set of
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excitation frequencies. Maximum impact force for a specific setting of SPID is determined
from the dataset. The results show that the maximum impact force exerted on the primary
structure is reduced significantly by installing a viscoelastic material in SPID. The impact force
is reduced by 96%, 97%, and 96% for relative clearance of 5, 10, and 15 respectively by using
PU foam instead of rigid plastic. It shows that a soft impact absorbs the impact force due to
material deformation and the internal structure of the viscoelastic materials. However, a rigid
material such as steel transfers the impact force to the primary structure and repeated intense

impact forces can be harmful to structures.
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Figure 10. Impact force exerted on primary structure from SPID with different impact materials.

One of the key problems associated with SPID is the high noise levels during operation.
Apparently when a metallic particle is colliding with a metallic surface of cavity in SPID, it
generates continuous high intensity noise, and this continuous hitting noise is annoying to the
living beings around. Since the objective of this study is to compare the soft against hard impact
surfaces, we record noise levels of hard impact when no soft material is installed, and compare
it to soft impact when PU foam, the softest material in this study, is used. To show the noise
generated with the proposed SPID with soft impact, the noise during the experiments with soft
and hard impact are recorded with a B&K free filed microphone (Type 4189). The audio data
from microphone provides sound pressure levels in Pascal (Pa) units. This audio data is

processed with a MATLAB Audio Toolbox to determine the sound pressure level (SPL) in
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decibel units at resonance. The results are presented in Figure 11, and the hard impact has peaks
whenever there is an impact between particle and primary structure. The hard impact shows a
maximum noise level of 80.88 dB, while the maximum noise level with soft impact is
calculated as 69.33dB. The results show that a SPID with soft impact does not generate any
significant noise to pollute the surroundings, while a SPID with hard impact can raise the noise

levels by almost 11.55dB.
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Figure 11. Recorded noise level [dB] during the operation of SPID at resonance with soft (PU foam) and hard
impact (steel).

Overall, this study compares the traditional design of single-particle impact with hard impacts
(metal-to-metal) with the proposed design of SPID with soft impacts (metal-to-viscoelastic).
Four viscoelastic materials with different properties are tested and compared with steel as hard
impact. PU foam was found to be the best performing viscoelastic material among the soft
impact in this study. Therefore, maximum vibration amplitude, impact force, and noise level
are compared for the PU foam and steel at best clearance magnitude found in this analysis, as
shown in Table 4. It shows that the soft impact (PU foam) can enhance the performance of
SPID in all departments, allowing a safe and sound design with simplest design and analysis

procedure.
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Table 4. Comparison of the performance of soft and hard impact in best performing case; (E ~ 10).

Y

P Soft Impact Hard Impact
arameter
[PU Foam] [Steel]
Vibration amplitude (é) 7.71 12.87
Impact Force 1.19N 45.84N
Noise level 69.33dB 80.88dB

4. Conclusions

SPID is relatively simpler to design and install compared to other types of particle impact

dampers. Besides the various advantages, SPID has a few major challenges which directly

influence the integrity of primary structure and surroundings. In conclusion, this study focused

on addressing the challenges associated with the SPID by integrating soft-impact materials to

mitigate larger impact forces and noise levels. The main findings of this research are:

1.

The working principle of SPID is based on momentum transfer and energy dissipation
through various impacts between primary structure and particle mass. Therefore, the
nature of impact directly influences the momentum transfer and energy dissipation. A
hard impact involving rigid surface has higher momentum transfer and less energy
dissipation during impact. On the other hand, a soft impact provides increased energy
dissipation due to the deformation of viscoelastic materials while momentum transfer
is relatively decreased.

The numerical and experimental results show that a soft impact can reduce the vibration
amplitude by 40 % compared with a hard impact. However, the difference in damping
performance with tested viscoelastic materials is found to be minimum.

Integrating viscoelastic material resolves the common issues related with the SPID such
as high-intensity impact force and noise levels. To observe the reduction in impact force,
force sensors are installed at the walls if cavity in SPID. The results show a significant
96% reduction in impact force with a soft impact.

The experiments with soft and hard impacts are recorded and processed to determine
the sound pressure levels (SPL). The results show that a SPID with soft impact does
not generate any noise pollution during operation, while a SPID with hard impact

increases the noise level by around 11.55dB during operation.

20



Compared with a multi-particle impact damper, a SPID is significantly easier to design,
however, high-intensity impact force and noise were SPIDs major unresolved issues. These
findings highlight the potential of viscoelastic materials in mitigating high-impact forces and
noise levels in SPID, while improving the damping performance. Viscoelastic materials tested
in this study are commercially available materials, therefore, an effective and safe SPID can be
easily designed and installed. These results provide a basis for the SPID design and further
advancements for optimal design and performance. Future studies can be conducted on
analysing the damping performance of SPID with viscoelastic materials subject to several

environmental conditions.
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