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Abstract
This study introduces a Tuned Single-Particle Impact Damper (TSPID) developed for mode-selective vibration suppression

in multi-degree-of-freedom (MDOF) structures. While particle impact dampers are typically recognized for their broad-

band effectiveness around the fundamental resonant frequency, their ability to achieve mode-selective attenuation in

resonant modes of MDOF structures has received comparatively limited investigation. This work combines numerical

parametric studies with experimental validation on a scaled five-story shear-type building to show that a single geometric

parameter, the clearance gap, enables effective and robust mode-selective suppression. Three performance metrics are

used: modal Hi;1 norm (peak response at each resonance i), total vibration energy, and inter-storey drift (ISD). When

optimized for the first mode, the TSPID achieves average reductions of 95% in vibration energy, 93% in ISD, and 86% in

modal H1;1 norm across all floors. When it is optimized for the second mode, the corresponding reductions remain

substantial (85% in vibration energy, 79% in ISD, and 66% in modal H2;1 norm). Performance is largely insensitive to the

choice of impact-surface material (polyurethane versus polyethylene foam, with differences below 5% across all metrics),

confirming that energy dissipation is governed primarily by impact dynamics rather than exact restitution or stiffness

values. Numerical impact sequencing analysis further reveals that effective suppression coincides with approximately two

regular impacts per excitation cycle at sufficient mean impact velocity, supporting the role of impact sequencing and

impact velocity in the observed mode-selective suppression. The normalized clearance D is identified as a physically

meaningful design parameter that inherently accounts for the amplitude-clearance interaction governing impact effec-

tiveness. These results establish a practical, geometrically simple design framework for mode-targeted vibration control.

By bridging general particle-damper effectiveness and mode-selective suppression, the TSPID offers high efficacy, low

cost, and inherent robustness, making it particularly attractive for resonant-dominated civil and mechanical structures.

Keywords Tuned particle damper � Single-particle impact damper � MDOF structure � Targeted modal damping �
Passive vibration control � Inter-storey drift

1 Introduction

The increasing demand for structural reliability under

dynamic loads such as wind [1], impacts [2, 3], and

earthquakes [4–6] has fuelled decades of research into

vibration control systems. Although passive, active, and

hybrid methods [7–11] have advanced considerably, pas-

sive dampers remain especially attractive owing to their

simplicity, cost-effectiveness, and independence from

external power [12, 13]. Among these, particle impact

dampers (PIDs) [14] stand out as effective solutions

that dissipate energy through inelastic collisions and
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momentum transfer in terms of simpler design and instal-

lation, effectiveness in harsh environmental conditions, and

cost effectiveness [15].

The foundational analytical framework for impact

damping in single-degree-of-freedom (SDOF) systems was

established in the seminal works of Masri [16–21]. These

studies provided exact steady-state solutions and stability

criteria that have been widely adopted. Subsequent research

extended the concept to multi-degree-of-freedom (MDOF)

systems [22] and interpreted it within the broader context of

vibro-impact nonlinear energy sinks (NES) [23–26] for

broadband vibration suppression and to practical single-

particle impact dampers (SPIDs) whose performance can be

adjusted through straightforward geometric modifications

[27–34]. In recent years the field has seen rapid progress,

including data-driven and AI-based optimization methods

[35–37], adaptive tuned particle dampers [38–44], non-

packed granular configurations [45–47], and applications to

vortex-induced vibration [48, 49], wind-turbine blades

[50–52], and seismic protection of multi-story buildings

[53–55].

Previous studies have examined the influence of clearance

in impact dampers for multi-degree-of-freedom systems. Li

and Darby [56–59] conducted systematic experimental

investigations on buffered impact dampers in MDOF struc-

tures and observed that the effect of clearance can be unpre-

dictable, particularly for higher modes. More recently, Geng

et al. [60] demonstrated that each resonancemode can possess

a different optimal clearance. These works highlight the

mode-dependent nature of optimal clearance in impact

dampers.Despite these advances, experimental verification of

purely geometric, mode-selective suppression a single-parti-

cle impact damper in multi-storey structures remains limited.

While the previous research highlighted the mode-dependent

influence of clearance, systematic experimental demonstra-

tion of preferential suppression of individual modes through

clearance adjustment alone, together with robustness to

material parameters (coefficient of restitution and contact

stiffness), has not been fully explored. Masri and Caffrey [61]

investigated a pounding vibration absorber on an MDOF

system, consisting of a classical tuned mass damper with

motion-limiting stops. In contrast, the proposed Tuned Sin-

gle-Particle Impact Damper (TSPID) relies solely on impact

dynamics, with its vibration suppression performance opti-

mized primarily through geometric adjustment of the clear-

ance gap. This approach eliminates the need for precise

stiffness matching and offers a simpler implementation for

achieving mode-selective vibration suppression.

The present work provides experimental validation of a

TSPID for mode-specific vibration suppression in MDOF

systems. Using systematic geometric optimization, the

device demonstrates preferential attenuation of individual

modes. A five-degree-of-freedom (5-DOF) shear-type

building model was chosen because it is a representative,

well-studied configuration that clearly separates the first

two modes and allows direct evaluation of inter-storey

drift, an important serviceability metric. The study sys-

tematically examines how the geometric parameters of the

TSPID, primarily the clearance gap, influence vibration

mitigation performance across different modes. This

approach enables a quantitative multi-metric evaluation,

including modal Hi;1 norm attenuation (i.e., peak response

reduction at targeted resonances rather than the conven-

tional broadband worst-case norm), vibration energy dis-

sipation, and inter-storey drift mitigation. The results

provide practical guidelines for configuring TSPIDs for

mode-selective vibration suppression and clarify the trade-

offs between suppression effectiveness and robustness. The

physical mechanism underlying mode selectivity is further

examined through numerical impact sequencing analysis,

which characterises the number of impacts per excitation

cycle and the mean impact velocity at each modal fre-

quency, providing further insight into the impact behavior

associated with the observed mode-selective suppression.

The work contributes a practical pathway from general PID

effectiveness to mode-selective damper design through

geometric optimization.

The remainder of this paper is structured as follows.

Section 2 introduces the theoretical model and experi-

mental methodology. Section 3 reports parametric analyses

and experimental results, evaluating TSPID performance

under various configurations. Section 4 summarizes the

key findings, discusses implications for structural vibration

control, and suggests future research directions.

2 Methodology

This section outlines the research methodology. First, a

theoretical model of the SPID coupled to a 5-DOF structure

is developed. Next, a parametric analysis is performed to

examine the effects of key design parameters on the sup-

pression of multiple vibration modes. Finally, an experi-

mental setup is constructed to validate the numerical

findings.

2.1 Theoretical model

The five-story structure is modelled as a 5-DOF shear

building (Fig. 1a). Each floor has mass m ¼ 1:71kg and

inter-storey stiffness k ¼ 3368:5N=m. A base excitation

zðtÞ is applied at the foundation. The TSPID is installed at

the top floor, which is a common and effective location for

controlling the fundamental mode in shear-type buildings.

The particle mass md ¼ 0:42kg corresponds to approxi-

mately 5% of the total structural mass, a value consistent
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with the practical mass ratios reported in SPID studies and

commonly adopted in particle damper applications to bal-

ance damping performance against added weight. Optimi-

sation of the mass ratio is beyond the scope of this study;

the focus here is on clearance as the primary geometric

optimization parameter at fixed mass ratio. All system

parameters are summarized in Table 1.

In the absence of the TSPID, the motion of each floor is

governed by the standard second-order equations of motion

for a shear building. When the TSPID is attached, the

contact functions Gð _x5; _yÞ and Hðx5; yÞ follow the classical

piecewise-linear formulation originally developed by Masri

for impact dampers. The coefficient of restitution e is

incorporated into the model through the equivalent impact

damping coefficient cd. The impact stiffness kd is set to

0:1kð� 337N=mÞ as a representative soft-impact value

consistent with foam surfaces used in the experiments;

parametric studies later confirm that this parameter has

only minor influence compared with the clearance gap.

Friction in the linear guide of the TSPID is neglected in

the numerical model because the low-friction bearings

contribute negligible damping relative to the dominant

impact dissipation, as evidenced by the close agreement

between numerical and experimental results. Structural

damping is assumed to be negligibly small, consistent with

the lightly damped steel frame used in the experiments; this

assumption is justified by the sharp resonance peaks

observed in Fig. 7, which are characteristic of low-damp-

ing systems. The system is solved numerically using the

fourth-order Runge–Kutta (RK4) method with a fixed time

step of 0.001 s, selected after convergence analysis showed

that smaller time steps yield negligible improvement in

accuracy. The governing equations are expressed as

follows:

M €x1 þ k1 x1 � zð Þ þ c1 _x1 � _zð Þ þ k2 x1 � x2ð Þ þ c2 _x1 � _x2ð Þ
¼ 0

ð1Þ

M €x2 þ k2 x2 � x1ð Þ þ c2 _x2 � _x1ð Þ þ k3 x2 � x3ð Þ
þ c3 _x2 � _x3ð Þ ¼ 0

ð2Þ

M €x3 þ k3 x3 � x2ð Þ þ c3 _x3 � _x2ð Þ þ k4 x3 � x4ð Þ
þ c4 _x3 � _x4ð Þ ¼ 0

ð3Þ

Fig. 1 a Equivalent mechanical model of 5-DOF structure b Mechanical model of TSPID

Table 1 System parameters

Parameters Value

Mass of each floor M1�5 1.71 kg

Stiffness of each floor k1�5 3368.5

Mass of particle md 0.42 kg

Base excitation amplitude Z 1 mm
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M €x4 þ k4 x4 � x3ð Þ þ c4 _x4 � _x3ð Þ þ k5 x4 � x5ð Þ
þ c5 _x4 � _x5ð Þ ¼ 0

ð4Þ

M €x5 þ k5 x5 � x4ð Þ þ c5 _x5 � _x4ð Þ þ kdH x5; yð Þ
þ cdG _x5; _yð Þ ¼ 0

ð5Þ

The contact functions H x5; yð Þ and G _x5; _yð Þ follows the
established formulation for impact dampers [17, 19]. The

function G models the spring force activation only when

the particle–wall penetration exceeds the gap d. The

function H similarly activates the damping force during

contact. This piecewise-linear model is a standard repre-

sentation for impact dynamics, balancing physical fidelity

with computational efficiency for systems with clearances.

H x5; yð Þ ¼ x5 � y� dð ÞU x5 � y� dð Þ
þ x5 � yþ dð ÞU �x5 þ y� dð Þ ð6Þ

G _x5; _yð Þ ¼ _x5 � _yð ÞU x5 � y� dð Þ
þ _x5 � _yð ÞU �x5 þ y� dð Þ ð7Þ

where d is the clearance between the particle and the walls

of the TSPID container, also referred to as the ‘‘gap’’, and

U xð Þ is the unit-step (Heaviside) function, defined as:

U xð Þ ¼ 1; ifx� 0

0; ifx\0

�

This function is used to determine whether the particle is

in contact with one side of the TSPID boundary. The output

of UðxÞ is either 0 or 1, depending on whether its argument

is negative or non-negative. The contact force Fc exerted

by the particle on the structure at any time step is calcu-

lated by combining the two contact functions with the

corresponding stiffness and damping coefficients of the

TSPID:

Fc ¼ kdH x5; yð Þ þ cdG _x5; _yð Þ ð8Þ

This contact force is applied only when the particle is in

contact with the walls of the TSPID, i.e., when the relative

displacement condition is satisfied. When the particle is not

in contact, no force is transmitted to the primary structure,

and the terms involving kd and cd have no effect. The

equivalent viscous damping cd is defined via an equivalent

modal damping ratio feq (Eq. 9), which is directly related

to the impact coefficient of restitution e through Eq. (10).

This formulation links the energy loss during impacts to an

equivalent linear damping representation.

cd ¼ 2feq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kdm2

mþM

r
ð9Þ

feq ¼ � log eð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ log eð Þ2

q ð10Þ

For numerical simulations of the undamped 5-DOF

system (i.e., without the TSPID), the parameters kd and cd
can be set to zero. This allows for a baseline comparison

between the damped and undamped systems to evaluate the

effectiveness of the TSPID in suppressing vibrations.

The incorporation of the TSPID significantly increases

the complexity of the system’s dynamic behavior due to the

nonlinear and discontinuous forces from impacts. The

overall computational process is illustrated in the

flowchart in Fig. 2. The procedure begins with the initial-

ization of all system parameters, including mass, stiffness,

damping coefficients, clearance distance d, and initial

conditions for both the primary structure and the particle.

The displacement of all degrees of freedom and the particle

motion are then updated at each time step. If an impact is

detected via the contact functions, the corresponding force

from Eq. (8) is applied to the structure.

2.2 Experimental setup

A scaled five-story steel frame was designed and fabricated

to replicate the 5-DOF system (Fig. 3). The TSPID is

installed at the top floor, a common location for effective

control of the fundamental mode in shear-type buildings.

The particle mass is set at approximately 5% of the total

structure mass to balance damping performance and added

weight.

The structure consists of four vertical steel columns,

each 765 mm tall with a 20 mm 9 2 mm cross-sec-

tion. Each floor is an aluminum block measuring 20 mm 9

150 mm 9 200 mm, providing nearly uniform mass dis-

tribution. The TSPID uses a linear guide rail that allows the

particle to slide freely in one direction. Adjustable L-

shaped stoppers at both ends define the clearance distance

d.

The base is mounted on a shaking table driven by an

electrodynamic shaker (Model: Econ VE-5150) capable

of 500 N maximum force and 10 mm peak-to-peak dis-

placement. The shaker supports sinusoidal, random, and

sweep signals for versatile testing. Six non-contact laser

displacement sensors (Model: Panasonic HG-C1200,

±80 mm range) measure the base and all five floor dis-

placements. Non-contact sensing avoids interference with

structural motion.

The experimental floor mass (including linear guide and

stoppers) matches the value in Table 1 (1.71 kg). The

inter-storey stiffness is calculated from beam theory as,
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ki ¼ 4
12EI

l3
ð11Þ

I ¼ bh3

12
ð12Þ

Here E is the Young’s modulus of steel, l is the length of

the column up to each mass, I is the second moment of area,

b and h are the width and height of the column cross-section,

and four columns act in parallel. The total column height is

divided into five equal story heights for stiffness calculation.

Fig. 2 Flow chart for the numerical computation process

Fig. 3 a Design and dimensions in mm of the 5DOF structure; b Experimental rig and measurement system
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Due to the highly nonlinear impact mechanism of the

TSPID, a conventional continuous sine-sweep test is

unsuitable. The damper requires sufficient oscillation

amplitude and multiple impact cycles to reach steady-state

energy dissipation at each frequency. A fast sweep may

miss impacts, while a sufficiently slow sweep would result

in impractically long test durations. Therefore, a fre-

quency-by-frequency approach was adopted. Natural fre-

quencies were first identified with a preliminary test where

discrete sinusoidal excitations were applied for 20s at

selected frequencies near each resonance to ensure steady-

state conditions. Harmonic excitation at each modal reso-

nance frequency was selected as it provides the most direct

assessment of mode-selective analysis. It should be noted

that a conventional sweep test was performed initially to

only identify the natural frequencies of the bare structure.

However, the present study focuses on the first two natural

frequencies, where mode-selective behaviour is most

clearly demonstrated. All tests used a base excitation

amplitude of 1 mm.

2.3 TSPID prototype

Fig. 4 shows the prototype, which consists of two

adjustable stoppers, a moving aluminum-plate particle

mass, and an interchangeable impact surface.

Two commonly available foam materials were used as

the impact surface: polyurethane (PU) foam with a mea-

sured coefficient of restitution e ¼ 0:38 and polyethylene

(PE) foam with e ¼ 0:72. These values were obtained from

repeated drop tests and represent the range of soft-to-

moderately stiff impact behaviour [62]. The clearance gap

was adjusted by repositioning the stoppers to achieve the

normalized values determined numerically for each mode.

The input excitation amplitude was fixed at 1 mm to

maintain the target normalized clearance D ¼ d
Z.

3 Numerical parametric design study
and optimization parameters

The TSPID design parameters were examined through a

systematic numerical parametric study to identify the

optimal configuration for maximum vibration attenuation

around a single targeted resonance frequency. For each

combination of parameters, the system was simulated in the

time domain using the RK4 integrator. The modal Hi;1
norm around the resonance frequency f i was then extracted

as the objective function to be minimized:

Hi;1 ¼ max
Xtop fð Þ
Zðf Þ

����
����forf 2 f i � 1Hz; f i þ 1Hz½ �;

where i represent the respective mode (i.e. i ¼ 1; 2). This

formulation directly targets the worst-case peak response,

which is the primary design goal for vibration suppression.

Only the top-floor response was used for optimization to

reduce computational cost while focusing on the most

critical location.

Fig. 4 Prototype of TSPID where stoppers, moving mass (particle) and impact surface is shown
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The first two natural frequencies of the undamped

structure are approximately 6.4 Hz and 18.7 Hz. Simula-

tions were performed over the ranges 5.5–7.5 Hz for mode

1 and 18–20 Hz for mode 2 using a frequency step of

0.05 Hz. At each discrete frequency, a 20 s time-domain

simulation was conducted, and the maximum displacement

was extracted from the final 10 s of the steady-state

response to eliminate transient effects. This process gen-

erated localized frequency response curves for every

parameter combination, from which the modal Hi;1 norm

was obtained.

The resulting contour plots of the modal Hi;1 norm

versus normalized clearance D ¼ d
Z and coefficient of

restitution e (with kd initially fixed at 0:1k) are presented in

Fig. 5. The contour plots emphasize that the normalized

clearance gap D exerts the strongest influence on TSPID

performance. For the first mode (Fig. 5a), the lowest H1;1
norm values occur in the range D � 6� 11. For the second

mode (Fig. 5b), optimal performance shifts to a distinctly

smaller range D � 1� 2. Within the studied range, the

coefficient of restitution e produces only secondary effects.

A reasonable value of e in the range 0.2–0.6 was

therefore selected for subsequent simulations. This choice

follows from the trade-off in impact-damper literature:

higher restitution coefficients produce stronger rebound

velocities, which increase both the peak impact force

transmitted to the structure and the audible noise generated

during collisions [34]. Conversely, very low values of e can

lead to excessive energy dissipation per impact but may

also prolong contact duration and reduce overall effec-

tiveness at higher frequencies. Subsequent simulations held

e constant at 0.4 value and explored the interaction

between D and normalized impact stiffness kd
k . The corre-

sponding contour plots appear in Fig. 6.

These results indicate that clearance remains the con-

trolling parameter across both modes, while the influence

of impact stiffness stays limited except at very small D

values where tuned-mass-damper behaviour emerges. The

observed difference in optimal D between modes is asso-

ciated with the different oscillation periods and response

amplitudes of the two modes.

The optimal normalized clearance D ¼ d
z is not merely a

convenient non-dimensional term but a physically mean-

ingful design parameter encoding the amplitude-clearance

interaction that governs impact effectiveness. This can be

understood through a limiting argument: an undersized gap

relative to excitation amplitude drives chaotic, asynchronous

particle motion that loses phase coherence with the structure,

while an oversized gap results in infrequent or no impacts.

As shown by Duncan et al. [63], damping effectiveness

approaches the detuned case at both amplitude extremes,

with peak performance occurring at intermediate amplitudes

where the particle just reaches the boundary; for sufficiently

large clearance ratios, further amplitude increases have

limited influence on damping. The optimal D therefore

represents the amplitude-clearance condition at which the

particle achieves consistent, phase-coherent engagement

with the structural motion. Consequently, for a given opti-

mal D, the physical gap d must scale proportionally with

excitation amplitude to preserve this condition, if the oper-

ating amplitude changes, d should be rescaled accordingly

Fig. 5 Modal Hi;1 norm at various combinations of e and D while kd ¼ 0:1k for a H1;1 re vibration mode 1 5:5� 7:5Hz½ �; b H2;1 re vibration

mode 2 18� 20Hz½ �
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rather than redesigning the device entirely. This is consistent

with the observation that different modes exhibit different

optimal clearances. This behaviour supports a straightfor-

ward geometric optimization strategy that reduces reliance

on precise material characterization.

Notably, D emerges as the primary geometric parameter

governing the impact behaviour and energy dissipation

characteristics of the TSPID. Unlike TMDs, which depend

on accurate tuning of stiffness and damping to match target

frequencies, the TSPID achieves targeted attenuation

through adjustment of D alone, thereby reducing sensitivity

to parameter uncertainties and detuning effects.

4 Results and discussion

This section compares numerical simulations and experi-

mental results for the 5-DOF structure with and without the

TSPID.

4.1 Model validation

First, the model validation results are presented in this

section. Figure 7 shows the comparison of simulated and

experimental base to top-floor transmissibility for the bare

structure across all natural frequencies, confirming the

accuracy of the numerical model prior to damper

optimization.

To validate the coupled model prior to the parametric

study, numerical predictions are compared against

Fig. 6 Modal Hi;1 norm at various combinations of D and kd , while e ¼ 0:4 for a H1;1 re vibration mode 1 5:5� 7:5Hz½ � b H2;1 re vibration

mode 2 18� 20Hz½ �

Fig. 7 Comparison of simulated and experimental base-floor to top-

floor transmissibility

Fig. 8 Comparison of simulated and experimental base-floor to top-

floor transmissibility with TSPID using PU foam parameters.

kd ¼ 0:1k. D ¼ 12
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experimental measurements with the TSPID with D ¼ 12.

Figure 8 presents the transmissibility of the structure with

TSPID, comparing numerical and experimental results.

The close agreement between the two confirms that the

contact model parameters kd and cd are appropriately

defined and that the nonlinear coupled model reliably

captures the structural response in the presence of impacts.

4.2 TSPID optimization and modal Hi;¥ norm
reduction across storey

This section presents the effect of TSPID on the maximum

vibration amplitude (modal Hi;1 norm) at each floor of the

structure. The results from both experimental tests and

numerical simulations are compared to validate the

numerical model and demonstrate its effectiveness in

identifying optimal design parameters. With the optimal

normalized clearance values identified in the parametric

study, a physical TSPID prototype was designed and

installed on the top floor of the structure.

First, the TSPID was optimized for the first mode using

the optimal normalized clearance D � 8. The measured

resonance frequencies were 5.9 Hz for mode 1 and 18.6 Hz

for mode 2. The modal Hi;1 norm at each floor was

recorded both with and without the damper. The results are

presented in Fig. 9.

As shown in Fig. 9a, when the TSPID is optimized for

mode 1 the modal H1;1 norm is reduced by an average of

86% across all floors for both foam materials. Excellent

agreement is observed between numerical simulations and

experimental measurements. In contrast, Fig. 9b demon-

strates that the same configuration produces negligible

reduction at the second mode (H2;1). This frequency-se-

lective behaviour is expected because the larger clearance

optimised for the lower-frequency mode does not generate

sufficient impacts within the shorter oscillation period of

the higher mode.

The TSPID was then optimized for the second mode by

reducing the normalized clearance to D � 2, again using

both PU and PE foams. The corresponding modal Hi;1
norm results are shown in Fig. 10. Figure 10a confirms that

the second-mode tuning has minimal influence on the first

mode. However, Fig. 10b shows a clear reduction in modal

H2;1 norm, reaching an average of 66% with PE foam and

58% with PU foam. The slightly superior performance of

PE foam at the higher frequency is consistent with the need

for a marginally higher impact stiffness to ensure timely

momentum exchange during the shorter vibration cycles.

Literature on impact dampers indicates that at elevated

frequencies the contact duration becomes a limiting factor,

and a stiffer interface helps maintain effective energy

transfer without excessive rebound [34, 64].

Fig. 9 Modal Hi;1 with TSPID optimized for mode 1, D � 8 a Mode 1 ½5:9Hz� b Mode 2 ½18:6Hz�
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These experiments demonstrate that the TSPID can

achieve substantial, mode-specific suppression of the

modal Hi;1 norm using only a single geometric parameter.

The clear trade-off between the two modes underscores the

importance of clearance optimization and confirms that the

damper’s performance is governed primarily by clearance

rather than exact material properties.

4.3 TSPID optimization and Vibration Energy
reduction across storey

Vibration energy distribution across the floors was ana-

lyzed using experimental time-history data. Measuring

vibration energy is particularly important because it

quantifies the total dynamic energy present in the structure,

providing a direct indicator of the damper’s ability to dis-

sipate kinetic energy through impacts rather than merely

reducing peak displacement at resonance. This metric

complements the modal Hi;1 norm by revealing how

effectively the TSPID redistributes and dissipates energy

across the entire system, which is critical for assessing

overall vibration control performance under resonant

excitation. The energy of each floor i is calculated as

Ei tð Þ ¼
1

2
mi _x

2
i tð Þ ð13Þ

The normalized vibration energy at each floor is calcu-

lated as the root-mean-square (rms) kinetic energy of floor i

computed from the undamped response at the same exci-

tation frequency. Here Ei, mi, _xi represent the energy, mass,

and velocity of each floor, where i ¼ 1,2; 3,4; 5. The

velocity is derived from the discrete displacement data

using central difference method [65, 66] as shown in

Eq. 14,

_xi tð Þ ¼
xi t þ 1ð Þ � xi t � 1ð Þ

2Dt
ð14Þ

This method reduces noise sensitivity compared to for-

ward differences [67, 68]. The resulting energy values were

then low-pass filtered to minimize any residual numerical

noise.

When the TSPID is optimized for the first mode with

normalized clearance D � 8, the normalized vibration

energy is reduced by an average of 95% across all floors for

both PU and PE foams. The results for mode 1 and mode 2

with this tuning are shown in Fig. 11. The results in

Fig. 11a demonstrate that the TSPID achieves a 95%

reduction in normalized vibration energy at the first mode.

The performance obtained with PU foam (e ¼ 0:38) and

PE foam (e ¼ 0:72) differs by less than 5% across all

floors. This near-identical outcome with two foams of

distinctly different restitution coefficients confirms that the

clearance gap is the dominant design parameter and that

Fig. 10 Modal Hi;1 with TSPID optimized for mode 2, D � 2. a Mode 1 ½6:05Hz� b Mode 2 ½18:45Hz�

1163 Page 10 of 18 M. A. Akbar et al.

123



the TSPID dissipates energy primarily through impact

dynamics. This robustness is consistent with the relatively

flat modal Hi;1 contour region observed in Fig. 6 for

moderate restitution values; performance at extreme resti-

tution values (e near 0 or near 1) was not tested and may

differ. It highlights the damper’s effectiveness in convert-

ing oscillatory kinetic energy into heat and plastic defor-

mation during repeated particle–wall collisions. In contrast,

the same tuning produces negligible energy reduction at the

second mode (Fig. 11b), again underscoring the frequency-

selective nature of the device.

When the TSPID is instead optimized for the second

mode with D � 2, the average reduction in vibration

energy reaches 85% at the target frequency (Fig. 12b),

while the effect on the first mode remains small (Fig. 12a).

4.4 Inter-storey drift

Inter-storey drift (ISD), defined as the rms relative hori-

zontal displacement between consecutive floors, serves as a

critical serviceability metric in structural engineering.

Excessive ISD can cause non-structural damage such as

Fig. 11 Normalized vibration

energy with TSPID optimized

for mode 1, D � 8 a Mode 1

½5:9Hz� b Mode 2 ½18:6Hz�

Fig. 12 Normalized vibration

energy with TSPID optimized

for mode 2, D � 2 a Mode 1

½6:05Hz� b Mode 2 ½18:45Hz�
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cracking of partitions and cladding failure, and in severe

cases may compromise overall structural integrity. There-

fore, effective control of ISD is essential for both safety

and serviceability under dynamic loading. For reference,

serviceability drift limits in design codes are typically in

the range of 0.5% of storey height for seismic loading

[69, 70].The present scaled model is not designed to meet

full-scale code thresholds directly; however, the magnitude

of undamped ISD observed here, and the substantial

reductions achieved by the TSPID, are consistent with the

order-of-magnitude improvements needed in resonance-

dominated structural scenarios.

The ISD was computed directly from the steady-state

displacement time histories recorded during the frequency-

by-frequency tests. Figure 13 presents the ISD values when

the TSPID is optimized for the first mode with normalized

clearance D � 8. When optimized for mode 1, the TSPID

reduces ISD by an average of 93% across all floors at the

target frequency (Fig. 13a), while producing negligible

reduction at the second mode (Fig. 13b). The results are

nearly identical for both PU and PE foam configurations.

When the TSPID is optimized for the second mode with

D � 2, the ISD reduction at the target frequency reaches an

average of 79% (Fig. 14b), while the influence on the first

mode remains small (Fig. 14a).

Table 2 quantifies the percentage improvement in ISD at

each floor for both tuning cases and both foam materials.

The largest reductions occur near the base for mode 1 and

in the middle-to-upper floors for mode 2, consistent with

the respective mode shapes. The small difference observed

between PU and PE foams at mode 2 is attributable to the

relatively higher impact stiffness of PE foam, which

becomes more relevant at elevated frequencies where the

available contact time is limited. Previous studies on

impact dampers have noted that a stiffer interface can

improve momentum transfer efficiency under shorter

oscillation periods [34, 71, 72].

These results show that the TSPID can simultaneously

achieve high reductions in inter-storey drift along with the

previously discussed improvements in modal Hi;1 norm

and vibration energy. The ability to target specific modes

through a single adjustable clearance makes the TSPID a

versatile and practical solution for controlling both peak

response and serviceability metrics in MDOF structures.

4.5 Time-history analysis

Time-history displacement responses provide direct visu-

alization of the TSPID’s effect on the structural motion

under resonant excitation.

Only experimental data are shown in this section to

allow clear observation of the actual measured behaviour

and to avoid overcrowding the plots with overlapping

numerical curves. When optimized for the first mode with

D � 8, the TSPID produces a substantial reduction in

displacement amplitude, the corresponding time histories

are shown in Fig. 15. Both PU and PE foam configurations

yield similar amplitude reductions and display a clear

phase lag compared with the undamped response. This

phase lag arises primarily from the additional energy dis-

sipation caused by the repeated particle impacts. The same

Fig. 13 Inter-storey drift with TSPID optimized for mode 1, D � 8 a
Mode 1 ½5:9Hz� b Mode 2 ½18:6Hz�

Fig. 14 Inter-storey drift with TSPID optimized for mode 2, D � 2 a
Mode 1 ½6:05Hz� b Mode 2 ½18:45Hz�

Table 2 Percentage improvement in ISD at each floor for the first two

modes with respectively tuned TSPID

Mode 1 Mode 2

D � 8 D � 2

Floor PU PE PU PE

1 93.86 87.16 79.02 72.17

2 77.62 82.65 73.27 68.00

3 75.12 90.84 66.52 57.47

4 73.94 71.12 97.49 95.04

5 70.99 65.40 77.82 70.50
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tuning configuration shows almost no reduction when the

structure is excited at the second mode frequency of

18.6 Hz (Fig. 15b).

When the TSPID is optimized for the second mode with

D & 2, the time histories reveal the frequency-selective

nature of the damper. At the first mode frequency

(6.05 Hz), the amplitude reduction remains minimal

(Fig. 16a). At the second mode frequency (18.45 Hz),

however, significant suppression occurs across all floors

(Fig. 16b). The response at the second mode exhibits more

pronounced nonlinear characteristics, with distorted

waveforms resulting from the intermittent nature of the

impact events. This behaviour is examined in detail in the

Impact Analysis section. A consistent phase lag between

the damped and undamped cases is again observed. This

lag is mainly attributed to the energy dissipation mecha-

nism rather than the small added mass of the TSPID.

The time-history results are consistent with the fre-

quency-domain and energy analyses presented earlier.

They confirm that the TSPID can deliver strong vibration

attenuation at a targeted mode while leaving other modes

largely unaffected when tuned appropriately. This selective

behaviour demonstrates the potential of the proposed

damper for precise modal control in MDOF structures. It

should be noted that the present study evaluates perfor-

mance only at the first two resonance frequencies; the

response at higher modes and under off-resonance or

broadband excitation was not assessed and represents a

limitation of the current experimental scope.

4.6 Impact analysis

To further characterize the impact behaviour associated

with mode-selective suppression, three clearance values

were selected for impact characterization. D ¼ 8 and D ¼
2 represent the numerically identified and experimentally

validated optimal clearances for the first and second modes

respectively, as established in the preceding parametric

study. These two values are therefore of primary interest as

they represent the conditions corresponding to the

Fig. 15 Time-history displacement of each floor of the structure with TSPID optimized for mode 1, D � 8. aMode 1 ½5:9Hz� b Mode 2 ½18:6Hz�
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optimized clearance for each target mode. A third value,

D ¼ 14, was selected as a deliberately off-optimal case,

lying well outside the effective clearance range for either

mode, to provide a reference against which the impact

behaviour of the optimal configurations can be contrasted.

By examining all three cases together, the analysis reveals

not only what makes the optimal clearances effective, but

also why clearances outside the optimal range fail to

achieve meaningful suppression at either modal frequency.

Impact events were identified numerically as the onset of

non-zero contact force between the particle and the cavity

wall, with a minimum temporal separation enforced

between consecutively counted events to avoid numerical

double-counting of a single physical collision. The mean

relative velocity between the particle and the host floor at

each impact onset was recorded as a proxy for momentum

transfer per impact.

Fig. 17 presents the impacts per cycle and mean impact

velocity across the excitation frequency range for D ¼ 2,

D ¼ 8, and D ¼ 14. At the first modal frequency, D ¼ 2

reaches approximately 3 impacts per cycle, indicating that

the small clearance is repeatedly and easily crossed by the

large Mode 1 displacement. However, the corresponding

mean impact velocity for D ¼ 2 at Mode 1 is compara-

tively low, revealing that although contact is frequent, each

collision carries limited momentum and contributes little to

energy dissipation. This is the hallmark of an ineffective

high-frequency rattling regime. In contrast, D ¼ 8 at Mode

1 achieves close to 2 impacts per cycle with a notably

higher mean impact velocity, consistent with the symmet-

ric double-impact pattern of efficient resonance capture

where the particle builds sufficient momentum across the

full clearance before returning to strike the opposite wall.

At the second modal frequency, the roles reverse clearly:

D ¼ 2 produces approximately 2 regular impacts per cycle

with peak mean impact velocity, confirming effective res-

onance capture at Mode 2. Meanwhile D ¼ 8 at Mode 2

shows significantly reduced impact frequency, as the larger

Fig. 16 Time-history displacement of each floor of the structure with TSPID optimized for mode 2, D � 2. a Mode 1 ½6:05Hz� b Mode 2

½18:45Hz�
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clearance is rarely fully traversed at the smaller Mode 2

response amplitudes. The off-optimal case D ¼ 14 pro-

duces fewer than 2 impacts per cycle at both modal fre-

quencies. However, the larger clearance allows the particle

to travel further between walls, resulting in comparatively

higher mean impact velocity per collision. Despite this, the

significantly reduced contact frequency means that the total

momentum exchange per cycle remains insufficient for

effective vibration suppression.

This illustrates that neither impact frequency nor impact

velocity alone determines damping effectiveness, both

must be simultaneously adequate at the target modal fre-

quency. These results demonstrate that effective vibration

suppression requires the simultaneous satisfaction of two

conditions: approximately 2 regular impacts per cycle and

sufficiently high mean impact velocity at the target modal

frequency. The clearance D governs both conditions

together by controlling whether the particle can complete a

full traversal and return with meaningful momentum within

one structural oscillation period. These observations indi-

cate that effective impact-mediated energy transfer is

associated with the simultaneous occurrence of approxi-

mately two impacts per cycle and sufficiently high impact

velocity at the target modal frequency.

5 Conclusion

This study has developed and experimentally validated a

Tuned Single-Particle Impact Damper (TSPID) for targeted

modal vibration suppression in multi-degree-of-freedom

structures. Systematic numerical parametric studies com-

bined with frequency-by-frequency experiments on a

scaled five-story shear-type building identified the clear-

ance gap D as the dominant geometric parameter governing

the optimized suppression performance. When optimized

for the first mode (D � 8), the TSPID achieved average

reductions of 86% in modal H1;1 norm, 95% in vibration

energy, and 93% in inter-storey drift across all floors.

When optimized for the second mode (D � 2), the corre-

sponding reductions were 66% in modal H2;1 norm, 85%

in vibration energy, and 79% in inter-storey drift. These

results were obtained using only a single geometric

adjustment on the clearance gap and remained consistent

across two foams with distinctly different restitution

coefficients (e ¼ 0:38 for PU and e ¼ 0:72 for PE), with

differences below 5% in most metrics.

The observed mode-selective behaviour is associated

with the dependence of the optimized clearance on the

dynamic characteristics of the target mode. The normalized

clearance was found to be a physically meaningful design

parameter, encoding the amplitude-clearance interaction

that governs impact effectiveness: different modes exhibit

different response amplitudes, resulting in different opti-

mized physical clearances. Numerical impact sequencing

Fig. 17 a Impacts per cycle for

different values of D for first

two modes. b Mean Impact

velocity for different values of

D
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analysis further shows that at each optimal clearance, the

particle achieves approximately two regular impacts per

excitation cycle with sufficient mean impact velocity,

supporting the role of impact sequencing and impact

velocity in the observed suppression. At non-optimal

clearances, this condition breaks down, either through

excessive low-momentum impacts at undersized clear-

ances, or through infrequent high-velocity but insufficient

contacts at oversized clearances, explaining the loss of

modal selectivity.

Good agreement between numerical predictions and

experimental measurements across frequency response,

energy distribution, inter-storey drift, and time histories

confirms the consistency of the modelling framework with

the tested configuration. Since the model parameters were

identified from the same experimental structure, this

agreement validates the modelling approach for similar

lightly damped shear-type configurations rather than con-

stituting a general predictive validation. The observed

robustness to impact material properties further simplifies

practical implementation, as performance is governed pri-

marily by impact dynamics rather than exact restitution or

stiffness values.

Future studies could explore optimized damper place-

ment, multi-amplitude characterization, and performance

under broadband and seismic excitations. Overall, the

TSPID offers a simple, cost-effective passive solution for

mode-selective vibration control through geometric opti-

mization. The demonstrated robustness to material prop-

erties, combined with the practical utility of normalized

clearance as a design parameter, positions the TSPID as a

practical low-cost alternative to TMDs in resonance-dom-

inated engineering applications.
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