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Low-frequency resonators filled with
granular material for modal response
treatment

Sifa Gul Demiryurek1 and Anton Krynkin2

Abstract

Resonators are commonly employed as passive dampers to suppress structural vibrations. This study proposes a novel

resonator concept designed for low-frequency control of a host structure, incorporating a granular-filled cavity to enhance

damping and enable tunability of the target modal response. The resonator can be manufactured using additive techniques,

and its resonant behaviour is estimated empirically from its geometry and material properties. The effect of multiple

resonators on the modal response of the main structure is shown numerically and experimentally offering wider attenuation

frequency bandwidth where bending modes of the main structure are successfully controlled. Incorporating only 10%
volume fraction of granular material in resonator that have a negligible effect on its overall mass yields an additional 45%

damping improvement and expands the effective attenuation bands.
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Introduction

Structural vibration can significantly affect structures and machine parts, resulting in a shortened service life, reduced

precision and performance, and increased dynamic stress on the structures. These outcomes lead to fatigue and wear,

necessitating immediate and sudden maintenance. Specifically, low-frequency vibrations are particularly hazardous due to

their long wavelength, which enables them to affect larger areas of the structure. Efforts to mitigate the effects of structural

vibration have been ongoing for many years, involving the exploration of various damping options.1

Vibration impacts can be managed through several approaches: designing low-vibration structures, isolating the

vibration path, creating opportunities for vibration energy absorption, and isolating the receiving structure from the

vibration impacts.2 The creation of low-vibration structures can be challenging due to complex manufacturing re-

quirements. Additionally, protecting the structural components becomes impossible when the receiving structure

exhibits active movement.3 Therefore, the most practical option in such applications is to develop dynamic load

dampers which dampen the structural energy while providing specific dynamic properties, such as built-in local

resonator. Although these solutions mitigate the effects of structural vibration, they have limitations when applied. For

example, passive dampers are limited in their design properties and dynamic aspects, as they are tailored to be effective

only under specific operating conditions.4 On the other hand, placing locally resonating structures along the vibration

path in specific arrangements like periodic order helps control structural vibration by harnessing excess energy from

the main structure to achieve resonance. These structures counteract excitation impacts and function as vibration

dampers; specifically, when the resonance frequency closely matches the excitation frequency. A single resonator
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attachment exhibits eigenfrequency modulation impact on the main substrate, while resonators arranged in multiples

demonstrate coupled structural behaviours which both control the dynamic properties and provide wider frequency

response treatment.5

In cases involving undamped dynamic vibration absorbers as local resonators, a resonator attached to the main structure

splits the frequency peak. On the other hand, in damped dynamic vibration cases, the presence of damping in the resonator

reduces the amplitudes received from the main structure in addition to the effect produced by absorber with no damping

properties. According to Pai,6 controlling the structural vibration using array of resonating structures is more efficient

leveraging strong coupling and energy absorption properties than using single resonator attachments. On the other hand, the

additional damping characteristics of the local resonators contributed to modulation of the amplitude of the frequency

response while providing stop frequency band.5

Periodically placed local resonators behave as mechanical filter by passing or blocking the frequency propagation

according to their dynamic features and coupling properties.7 Therefore, periodically arranged local resonators, known as

metamaterials, provide frequency band properties such as stop and pass bands.8 Consequently, the metamaterial9 dissipates

mechanical energy in both high and low frequency ranges. The periodic array of resonators is usually investigated through

modelling of a unit cell by defining specific boundary conditions; like Bloch-Floquet Conditions; which makes them as

infinitely long structures and enables investigating the stop and pass bands.10–12

In this study the mechanical metamaterials as a concept of the structural vibration dampers is further advanced by

integrating granular medium with the dampers. These granules are placed within the damper cavity with the purpose of

converting structural vibration energy into momentum exchanges within the granular medium. While the main structure is

under excitation impact, upcoming kinetic energy is ultimately absorbed and transformed into the momentum changes

within the granules through two impact interactions: particle–particle and particle–damper wall impact interactions that are

inelastic collisions.4 This conversion helps balance momentum exchanges and ultimately reduces amplitude of structural

vibration experienced by the host structure and is essentially creating a particle damper.13 It is crucial that the granular bodies

within the damper cavity have effective contact interactions, and the cavity should have smooth walls and no sharp edges,14

as is the case with a sphere-shaped geometry.

Following the principles of vibration damping, this research aims to mitigate structural vibration of the main substrate

using dynamic absorbers designed to resonate at frequency below 1000 Hz.15,16 The dynamic absorbers are usually designed

based on the idea of lumped mass–spring system.17 This study offers a novel approach to the design of the resonator where

resonance is defined by the geometry and material properties of its solid structure. The resonator design includes a cavity

where the granules can be placed to convert structural vibration energy into momentum exchanges within the granular

mediumwhile aiming to tune the resonators. The resonator incorporates a spherical void to increase the likelihood of contact

and collisions among granular structures. This enables us to compare the theoretical results with the experiment based on the

laboratory-scale setup of the beam which exhibits its dominant measurable mode at around 760 Hz. It should be noted that

the resonator concept is fully scalable to lower frequencies typically encountered in engineering systems. This study seeks to

introduce an innovative approach to the modelling and design of the resonator, enabling its application not only as a locally

resonating structure within a periodic arrangement but also as a host framework for granular bodies. A key contribution of

this research is the development of a novel resonating structure that integrates locally resonating granular dampers,

representing a significant advancement in the field.

The proposed granular-filled low-frequency resonators differ fundamentally from conventional mass–spring locally

resonant attachments widely reported in the literature, including the multi-resonator configurations described by Pai

and co-workers.18 In classical single mass–spring absorbers, attenuation relies purely on linear resonance tuning;

therefore, the achievable bandwidth is inherently narrow, and performance degrades if excitation conditions deviate

from the design frequency. In contrast, the granular-filled resonators examined in this study introduce additional

amplitude-dependent energy dissipation through particle–particle and particle–wall interactions. This nonlinear

mechanism results in a broader attenuation region and improved robustness compared with purely elastic mass–spring

resonators attached to the host structure. The present work, therefore, extends the classical locally resonant framework

by combining resonance-based response shaping with granular damping, demonstrating a hybrid mechanism that

yields wider and more stable vibration suppression than reported in traditional mass–spring resonator studies such as

those of Pai.18

The structure of the paper is as follows: firstly, an innovative design procedure for locally resonating structures is outlined

in section of Low-frequency Resonator. Then the FRF of the main structure with single and multiple resonators are in-

vestigated with the help of FEM in section of Finite Element Modelling of Beam-Resonator System. The numerical cases for

single and multiple resonators are validated experimentally in section of Experiment. In the last section of this paper, section

of Resonators Partially Filled with Granular Material, cavity-based resonators are filled with granular medium with 10% of
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the cavity volume of the resonator to experimentally prove benefits of the granular medium effect combined with the impact

of the resonator.

Low-frequency resonator

In this study, the main structure is assumed to be a solid beam with rectangular cross-section. The beam is fixed at both ends

and has slits along its length for mounting the resonators as shown in Figure 1. The dimensions and material properties of the

beam are given in Table 1.

Commercial software COMSOL Multiphysics version 5.1 is employed to model structural vibration in this

study. The numerical simulations based on Finite Element Method (FEM) have been run on workstation with

Intel(R) Xeon(R) CPU with 128 GB RAM. The material parameters used in the finite element model correspond to

structural steel as defined in the COMSOL Multiphysics version 5.1 material library. For the dimensions and

material properties shown in Table 1, the beam exhibits the first three bending modes at around the following

frequencies 140 Hz, 420 Hz, and 760 Hz according to the numerical simulation. The particular focus of this research

is on the third bending mode of the beam (at around 760 Hz) in the vicinity of which it is possible to tune the

performance of the resonator introduced in the title of Finite Element Modelling of the Resonator. This enables us to

compare the theoretical results with the experiment based on the laboratory-scale setup of the beam which exhibits

its dominant measurable mode at around 760 Hz. It should be noted that the resonator concept is fully scalable to

lower frequencies typically encountered in engineering systems.

Figure 1. The main structure (the bare beam) representation with the mounting holes as seen in COMSOL (a) and precise dimensions
(b).
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Material properties of 3D-printed resonator

The resonator introduced in the title of Finite Element Modelling of the Resonator is constructed using the 3D-printing

technique. In this manufacturing technique, structures are built layer by layer, leading to some level of porosity within

the printed structure which leads to changes in the sample’s material and mechanical properties.19 Therefore, the use of

filament material in the 3D printing does not necessarily mean that the printed structure possesses the filament’s

properties. This process necessitates a material characterisation test to account for variations in material properties due

to factors such as infill ratio, which is a natural consequence of 3D printing.11,20 To determine the material properties

(i.e. Young’s modulus, stiffness, and loss properties) of the printed structure, a Dynamic Mechanical Analysis (DMA)

testing procedure21 has been employed22 using the Metravib Viscoanalyser (Metravib Xpander VA 2000, shown in

Figure 2 with an applied dynamic strain of 0.001. Incremental steps of five units have been studied for frequency

ranging from 5 to 100 Hz. Each variation in frequency parameter has been evaluated through the tension-compression

test under sinusoidal stress impacts. As the experimental analysis in this study has been conducted in a room en-

vironment, the ambient temperature for assessing material properties has been hold constant at 25°C.

To conduct the DMA test, a sample measuring 20 mm × 10 mm × 10 mm, made of ABS (Acrylonitrile Butadiene

Styrene), was 3D-printed with the 65% infill ratio using the Ultimaker Cura 3D-printing machine. Figure 3 illustrates the

prismatic specimen used exclusively for DMA-based material characterisation. It should be noted that this specimen is not a

resonator and the actual resonator geometry has cylindrical and spherical sections in one body, as shown in Figure 4. In

general, ABS offers lower rigidity but results in light structures,23making it a suitable material for this research. The density

of the sample was measured as 950 kg/m3, using the volume and the mass of the printed sample. Due to the relatively low

density, the complete 3D-printed resonator’s mass was around 33 g, making them much lighter than the beam itself

(approximately 1.5 kg).

Based on the DMA measurements, Young’s modulus shows only a slight change which is less than 3% across the

5–100 Hz test range, indicating that the material exhibits negligible stiffness–frequency dependence within this

interval. In the finite element simulations and experimental analyses in this study the material was treated as

effectively frequency-independent over the operational bandwidth. Young’s modulus and loss factor used in the

numerical model and shown in Table 2 corresponds to the 100 Hz value, representing the upper bound of the DMA

measurement.

Finite element modelling of the resonator

The geometry of the resonator adopts a spherical-hollow shape mounted on the solid cylindrical support. The cy-

lindrical shape of the support is selected for the convenience to assemble support with the sphere.

In this study, the hollow sphere and cylinder form a single solid structure joined at the top of the cylindrical support

as shown in Figure 4. The contact area between the sphere and cylindrical base has been used to control the resonator’s

natural frequencies and the area defines the stiffness of the structure drawing similarity with the mass–spring–mass

connection.7 In particular, the contact area between the upper and the lower part of the resonating structure has been

compared to the spring element. The radii of the hollow section of the sphere and the cylinder as well as the height of

the base can be differentiated to vary the natural frequency of the resonator. In order to avoid ambiguity in the analyses,

all geometric parameters were explicitly categorised, with the base height, inner radius, and outer radius of the sphere

defined as fixed parameters, whereas the cylindrical-spherical contact length, and radius of the base were treated as

variable parameters. The material properties of the resonator are assumed to be fixed in this study. It should be noted

that changing the material at the sphere and cylindrical base interface impacts stiffness of the resonator and its natural

frequencies. Due to the selected manufacturing process, the effect of the material on the resonant behaviour is outside

of the scope of this study. The resonator consists of a separately printed spherical cavity and its cylindrical support, as

Table 1. Material properties and the geometric details of the main structure.

Material properties Young’s modulus [Pa] 200E+09
Poisson’s ratio [-] 0.33
Density [kg/m3] 7850

Geometric details Length [mm] 475
Thickness [mm] 5
Width [mm] 75
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mentioned above, which are bonded together prior to the installation. The assembled resonator is then mounted into the

beam through the longitudinal slit (shown in Figure 1) via screw fastening.

Numerical simulation has been conducted to investigate the effect of the resonator geometry on its performance. The

sphere has been modelled with the inner radius fixed at R ¼ 20 mm and a wall thickness equal to ht ¼ 5 mm. The

primary parameter for the cylindrical support is the radius of the cylinder Rb. The height of the base is fixed at L ¼ 35

mm. The maximum characteristic size of the contact volume formed between the cylindrical support and the sphere has

been limited by the diameter of the cylindrical base. Calculation of the maximum contact height, denoted as hmax, which

is the maximum value of h shown in Figure 4, has been determined using circular segment calculations for the sphere

cross-section, yielding

hmax ¼ bR�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bR
2
� R2

b

q
, (1)

where bR is external radius of the hollow sphere.

This parameter is used to constrain sphere displacement h into the cylindrical base when analysing natural fre-

quencies of the resonator. The height of the cylindrical support L is bigger than hmax.

The numerical results have been obtained for four cylindrical bases: (i) Rb ¼ 5:5mm, (ii) Rb ¼ 11mm, (iii) Rb ¼ 25mm,

and (iv) Rb ¼ 33mm. The natural frequencies of the resonator have been computed with the FEM in COMSOL. It has been

proposed to analyse the first resonance that corresponds to oscillation of the hollow sphere and the solid base fixed at its

bottom side with respect to the ratio between the height of the sphere enclosure h in the cylindrical base and external radius

of the sphere bR. The selected mode shape of the resonator is shown in Figure 5 where displacement of the resonator

components is exaggerated to demonstrate vertical direction of the total displacement. The mesh independence study was

conducted on a base with smallest radius, and it was found that with elements of maximum characteristic size 1.7 mm the

natural frequency variation converged within 1%.

Figure 2. The DMA test machine with the sample placed on the test machine.

Figure 3. 3D-printed sample made with ABS filament: (a) side view-1 and (b) side view-2.
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Figure 6 demonstrates the change in natural frequency of the resonator with respect to dimensionless displacement of the

sphere (h=bR) into the cylindrical base where h is constrained by hmax given by equation (1).

An empirical log-based fit function dependant on dimensionless parameter h=bR with 0 < h ≤ hmax is proposed for de-

termining the first natural frequency of the resonator tuned to the third bending mode of the host structure-fixed beam. The fit

is given by

f
�
h
.
bR
�
¼ A log

�
h
.
bR
�
þ B, (2)

where the fit coefficients A, B and the coefficient of determination r2 are given in Table 3. The coefficients have been

computed in MATLAB with the function polyfit.24 The coefficient r2 defines how well the empirical relationship fits the

numerical results where value close to one indicates accurate representation of the resonator first natural frequency as a

function of the dimensionless parameter h=R.
Figure 6(a) demonstrates the logarithmic trend in the change of natural frequency. All cylindrical supports demonstrate

similar effect of the sphere-base contact area on the natural frequencies for the low contact areas (h=bR< 0:001) as shown in
Figure 6(b). Both linear and logarithmic representations are provided in Figure 6. The linear scale illustrates the absolute

variation of intrinsic frequency with base height and outer radius ratio, whereas the logarithmic scale highlights sensitivity

trends for small parameter changes. For all cases the increase in the contact area results in increase of the resonator natural

frequency. This is consistent with the idea that the contact between the sphere and the base can be considered as a form of

stiffness, where an increase in this stiffness raises the natural frequency of the sphere’s oscillation. It is also noted that at

higher frequency for h=bR > 0:01 the effect of the base dimension impacts the stiffness of the contact and the change in the

natural frequency of the resonator differs significantly for the different base parameters. It is also noted that support with

smaller radius gives smaller range of the natural frequencies as the contact area ratio is limited by the base diameter.

Figure 4. Geometry of the hollow sphere resonator.

Table 2. Mechanical properties of ABS at ambient temperature.

Material properties Young’s modulus [Pa] 1.45 E + 09
Poisson’s ratio [-] 0.35
Density [kg/m3] 950
Loss factor 2.18E�02
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Taking into the account similar behaviour of the resonator with different bases in the proximity to the 3rd bendingmode of

the main structure (fixed beam) and need for reducing computational time, the radius of the resonator base is selected as

Rb ¼ 11 mm for further studies of the resonator effect on the modal response of the beam.

Figure 5. Total displacement for mode shape of the resonator with base Rb ¼ 11mm at 838:6Hz.

Figure 6. Eigenfrequency of hollow sphere resonator with 4 different cylindrical bases: (a) log-based fit in h=bR linear scale and (b) log-

based fit in h=bR log scale.
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Finite element modelling of beam-resonator system

In this section, the dynamic response of single and multiple resonators, which has been introduced in the section of Low-

frequency Resonator, placed on the main structure has been analysed with FEMwith the aim to develop a novel approach to

control beam’s bending mode. The resonators have been positioned in close proximity to the antinodes and the nodes of the

targeted bending mode to investigate influence of the resonator location on the reduction of the modal response.

Throughout this research, the method of FRF amplitude calculations in the frequency sweep analysis has adopted the

inertance calculation which uses the acceleration and the excitation force. In all numerical simulations the excitation impact

has been applied to the centre of the beam through the vertical direction.

Numerical simulation of single resonator performance attached to the main structure

The impact of a single resonator on the beam dynamic response is studied in this section by placing the resonator at three

locations near either the nodes or the antinodes of the third bending mode.

According to the beam theory,25 the antinode of the 3rd bending mode is expected at the centre of the beam (see Figure 7)

and around 130 mm away from the centre, whereas the node is expected to be around 70 mm from the centre of the beam.

Table 3. The log-based fit coefficients.

Coefficients

A B r2

Base radius, Rb, mm 5.5 137.6 1938.6 0.9993
11 224.7 2587.8 0.9707
25 203.8 2446 0.994
33 148.4 2085.6 0.992

Figure 7. The third bending mode of the main structure at 763.11 Hz with the spatial deflection representation.
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To simulate the frequency response of the structure at the 3rd mode of the beam the excitation is placed at the centre of the

beam which is the antinode of the beam 3rd mode. In the following analysis, the beam coordinate is defined such that the x�

axis coincides with the beam length and x ¼ 0 mm denotes the beam midpoint, where the excitation force is applied. The

third bending mode features a displacement antinode at x ¼ 0 mm and symmetric nodes at approximately x ¼ ±70 mm,

while secondary antinodal positions occur at x ¼ ±130 mm. All resonator placements in this section are therefore expressed

relative to the beam centre.

It is noted that the natural resonance frequency of the additively manufactured resonator (see Figure 5) is at 838 Hz,

which is higher than the corresponding bending resonance of the bare beam (see Figure 7), which is at 763 Hz. This

mismatch is consistent with locally resonant metamaterial design principles, where the absorber resonance does not need to

match the host structure mode frequency exactly. Instead of this, slightly higher resonance frequency promotes the for-

mation of coupled modes and the emergence of a stop band around the interaction region. Similar mismatch between host

structure modes and attached resonator modes has been reported previously by Sun et al.5where the resonator frequency lies

above the structural mode but contributes to the shift of the mode and the formation of local resonance induced attenuation in

the whole structure.

Figure 8 illustrates changes in the inertance through a frequency sweep analysis for single resonator cases. It can be noted

that the first mode of the beam observed at around 140 Hz has been shifted slightly by only 3.5% indicating the negligible

effect of the resonator total mass on the dynamic response of the beam.

The second mode of the system is expected at around 420 Hz has not been efficiently excited due to the location of the

dynamic load coinciding with node of the 2nd bending mode. Placement of the single resonator at the antinodes is expected

to have more effect on the main structure’s third bending mode, leading to a larger mode frequency shift as shown in

Figure 8. The mode has been shifted to a lower frequency, while the natural frequency of the resonator has appeared at higher

frequency. This behaviour is similar to that reported by Colquitt et al.26 where attached mass–spring resonators result in

frequency band gaps that can be used to control the structural mode. The corresponding eigenfrequency of the beam is

shifted by approximately 6% to 720 Hz for the single resonator placed at the centre of the beam, while placement at the node

of the mode is produced smaller shift (by around 3% to 745 Hz).

Numerical simulation of resonator array attached to the main structure at antinodes

Multiple resonator placements, involving two and three resonators symmetrically attached to the main structure at the

antinodes of the third bending mode, have been considered in this section. Depending on the number of resonators, the

centre of the main structure has been either occupied by a resonator or left unoccupied; according to this, even numbers of

resonators leave the centre of the beam unoccupied. Including a resonator at the excitation location in the three-resonator

Figure 8. Frequency response of the single resonator placement on the bare beam.
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case allows to evaluate the extent to which the resonator interferes with the applied force and influences the resulting

frequency response. It is noted that the added mass effect of the array on the beam is expected to have negligible impact on

the low-frequency response below the third bending mode. This is supported by largely unchanged response at the first

bending mode as shown in Figure 9.

In Figure 9, the resonators are distributed within a 130 mm distance from the centre of the beam. For the two-resonator

arrangement, the coupled resonator-beam mode is computed at approximately 675 Hz resulting in a shift of the eigen-

frequency of the main structure by approximately 13% and widening a frequency gap previously observed for a single

resonator in Figure 8. Placing three resonators widens the frequency gap shifting the third bending mode to 640 Hz by

approximately 16%. The increase in the frequency gap between the third bending mode and the natural frequency of the

coupled resonators is in alignment with findings in the literature.

Experiment

To validate the results obtained with numerical model, an experimental rig has been set up to perform frequency sweep

analysis using traditional shaker-damper tests.13 Excitation from the shaker has been applied to the beam at Point

1 using a stinger in the direction opposite of gravity, as illustrated in Figure 10(a). The Frequency Response Function

(FRF), referred to as inertance in the section of Finite Element Modelling of Beam-Resonator System, is calculated

using data from a force transducer (model Dytran 1053VX) which has been placed directly on the shaker (Point 1), and

an accelerometer (model Dytran 3225F) which has been positioned 5 mm away from the centre of the beam (Point 2) as

shown in Figure 10(b). The resonators have been mounted on the beam through the slit as shown in Figure 10(c). It is

noted that in case of experimental FRF, averaging over five samples as well as moving average filter have been applied

to eliminate the noise when plotting data in MATLAB version 2022b.27

In the experimental setup shown in Figure 10, the beam was clamped at both ends using rigid steel vices with

high stiffness. This produces an effective fixed-fixed boundary condition for the experimental setup. This constraint

was simulated in the FEM model discussed in section 3. The compliance of the clamping assembly was measured to

be negligible compared to the bending stiffness of the beam, ensuring equivalence between simulation and

experiment.

The data has been collected and processed by PicoScope 2000. The beam is identical to that from the section of Low-

frequency Resonator with fixed-fixed-end conditions and made of structural steel with properties similar to those

shown in Table 1. It has been designed with holes along its length to accommodate different mounting options, as

shown in Figure 1. The response of the structure has been evaluated using the frequency sweep excitation from 10 Hz to

4 kHz with step of 2 Hz and sampling rate of 100 kHz.

Figure 9. Frequency response of the single resonator placement on the bare beam.
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The bare beam test has produced results similar to those obtained in numerical simulations (see the section of Low-

frequency Resonator). The first three bending modes are recorded at 130 Hz, 395 Hz, and 725 Hz as can be seen in

Figure 11. As in the case of the numerical simulation, the second bending mode has not been effectively excited since

the source is located at the node of this mode.

Single and multiple resonator performance

Single and multiple resonator attachments have been experimentally studied to validate the numerical results from the

section of Finite Eelement Modelling of Beam-Resonator System. Figure 11 displays the frequency response of the

beam for single resonator placement cases identical to those studied numerically in the section of Finite Element

Modelling of Beam-Resonator System. As in the case of numerical simulation, single resonator placement is not

significantly impacted the response of the beam around the first bending mode (around 140 Hz) and the coupling

between the resonator and the beam is observed within the frequency range of 700–800 Hz. For the antinodes, the

Figure 10. Experimental analysis rig: (a) the diagram of the test rig and (b) the test rig in the laboratory.

Figure 11. Experimentally analysed frequency response analysis of the single resonator attachment on the beam.
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resonance of the system is shifted, although on a much smaller scale, by approximately 1% to 720 Hz (centre-po-

sitioned resonator). It is noted that at the antinode, it is possible to excite resonance associated with the resonator and

expected between 800 and 900 Hz as seen in Figure 11.

Figure 12 depicts the impact of multiple resonators on the beam in configurations identical to those in th section

of Numerical Simulation of Resonator Array Attached to the Main Structure at Antinodes. The effect of coupled

resonators is observed between 600 Hz and 1000 Hz. The third bending mode of the beam is shifted to a lower

frequency while the magnitude of the FRF is significantly reduced in all resonator arrangement cases. In case of two

resonators, the frequency of the bending mode is shifted by approximately 16% to 610 Hz. Similar results are

observed for the three-resonator case with shift of the main structure’s natural frequency to 615 Hz.

These results are consistent with the numerical simulations of multiple resonator attachments where the frequency of the

3rd bending has been shifted by a similar amount (13–16%) and both configurations of the resonators provide similar

responses.

Figure 12. Experimentally analysed frequency response analysis of the multiple resonator attachments on the beam.

Figure 13. Four-resonator placement with the 70 mm distance from the centre of the beam (x ¼ 0 mm).
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Effect of node and antinode on the performance of array of resonators

To evaluate the effect of node and antinode on the performance of the array of resonators, four dampers have been placed on

the beam with the 70 mm distances symmetrically with respect to the centre of the beam as shown in Figure 13. In this

arrangement, the array of resonators is located near both the node and the antinode positions of the main structure.

The numerical simulation of the frequency response of this structure demonstrated in Figure 14 shows that the frequency

of the third bending mode is shifted by approximately 15% to 650 Hz which is similar to that obtained for the three-resonator

case located at the antinodes only. This indicates that the resonators attached at the nodes have minor impact on the overall

performance of the array. Similar observations are made for a single resonator (see section Numerical Simulation of Single

Resonator Performance Attached to The Main Structure).

Figure 14. Frequency response of the beam with an array of resonators attached near nodes and antinodes of the main structure.

Figure 15. Experimentally analysed frequency response analysis of the 70 mm distance applied multiple resonator attachments on the
beam.
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Performance of four-resonator arrangement is validated with the experiment as shown in Figure 15. As in the numerical

simulation, the eigenfrequency of the third bending mode is shifted by 9.5% to 655 Hz. Additionally, as in the case of tests

for two and three resonator arrays, the FRF amplitudes at the eigenfrequency region are reduced, as supported by the

findings in Demiryurek.28

Both simulation and experiment show that the resonator attached at the node of the corresponding bending mode has a

negligible impact on the overall performance of the array.

Tunability and low-frequency applicability

Although the experimental setup in this work targets the third bending mode of the main structure at approximately 760 Hz

due to the laboratory-scale constraints, the proposed resonator design is inherently scalable to lower frequencies. The local

resonant frequency is governed by the stiffness at the connection between spherical cavity cylindrical support:

f r }
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
keff

�
meff

q
(3)

which means that modifying stiffness of the connection (keff) enables tuning to significantly lower range of frequencies

(100–300 Hz) relevant for wide range of engineering structures.

Resonators partially filled with granular material

Granular structure dissipation mechanism

The enhanced damping observed in the granular-filled resonator originated from strongly nonlinear interactions between

particles and cavity wall. These mechanisms differ from the linear resonance-based damping of the empty resonator and give

rise to broadband, amplitude-dependent damping of the whole structure. In order to clarify these effects, a theoretical

framework based on Hertzian contact mechanics, coordination number and collision related energy dissipation is presented

in this subsection.

Hertzian normal and tangential contact forces. The interaction between the granular filling and the resonator walls is governed

by the short duration of viscoelastic contacts and frictional sliding. These interactions within the granular structures dissipate

energy through the particle–particle and particle–cavity wall relations. According to the Hertzian Contact Theory, these

interactions generate strongly amplitude-dependent normal and tangential forces, which leads to irreversible momentum

exchange and energy loss.29 Tangential contact behaviour within the granules influences the energy dissipation since the

friction coefficient and sliding, slipping motions, specifically in the high friction coefficient impacts. In the case of low

friction coefficients within the granules, energy dissipation is mostly dominated by the normal impacts within the granular

contacts. In terms of the granular packing, these contacts are tracked between the particle–particle and particle–wall relations

over the transient force evolutions.30 DEM or DEM-FEM coupled analysis31 can provide detailed insight into granular

dynamics, but such analysis is computationally expensive due to the tracing over each granule per contacts. The objective of

the present research is to verify the energy dissipation impact and damping enhancement offered by the granular structure

through experimental study by placing partially filled resonators on the main structure rather than a fully developed granular

structure solver.

Energy dissipation in granular-filled resonators arises mainly from two mechanisms: viscoelastic impact losses and

frictional sliding. Among these, the coefficient of restitution (e) plays a central role because it defines the proportion of

kinetic energy preserved after a collision. A value close to one corresponds to an almost elastic impact with minimal

dissipation, whereas values closer to 0 indicate inelastic behaviour with significant energy loss. Material stiffness affects this

parameter: stiff materials such as steel typically exhibit high restitution coefficients and therefore dissipate less energy per

collision. In contrast, granular damping applications generally benefit from media with moderate to low restitution co-

efficients, since these promote stronger inelastic impacts and higher momentum loss. Previous studies consistently show that

particle dampers operate most efficiently within the low-to-moderate restitution regime.14,32

The granular medium used in the present study exhibits a restitution level in this favourable regime, which explains the

noticeable enhancement in modal damping observed in the experiments. Another specific parameter that governs the energy

dissipation is the coordination number28,33which is the average number of active contacts per particle in the packed granules

in a cavity and directly depends on the granular material filling fraction. The coordination number controls the formation and

collapse of the internal force chains, which in turn determine the dominant damping mechanisms. DEM and experimental

studies identify three regimes according to their solutions and damping variations. Particles interact with the cavity walls
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primarily in the case of low filling ratios and dissipation is dominated by the normal impact losses mostly with the particle–

particle contacts. The second variations are when the cavity is filled with granules at a moderate level where the granules

exhibit increased mobility and frequency particle–particle collisions.31 This regime combines the impact dissipation,

frictional sliding, and is known as the highest damping efficiency area under low to moderate level of excitation levels.

Lastly, at high filling levels, particles move collectively with low relative motion to each other which reduces the collision

and damping. In this study moderate level 10% filling fraction is used which supports the damping enhancement in the

measured frequency range.

Figure 16. Frequency response of the main structure with single resonator filled with 10% metal particles.

Figure 17. Comparison of empty and filled single resonator attachments on the beam.
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Partially filled resonator example

Placement of granular material in the damper cavity has been mentioned in Section 1 as an additional damping mechanism

related to the interactions between granules and the cavity walls. In this paper, in order to study the effect of granular medium

on the frequency response of the main structure, 10% of a single resonator cavity volume has been filled with metallic

spherical particles with a diameter of 1.59 mm. The mass of the metal particle filling is 26.3 g which is much smaller than the

mass of the main structure and is not expected to significantly impact the first and the second bending modes. The filled

resonator is placed at two locations, as in the case of the empty resonator (0 mm and 70 mm) placement to assess the impact

of granular filling on the frequency response of the main structure.

Figure 16 illustrates the impact of granular structure placement in the resonating damper cavity and the cases are identical

to those from the previously discussed single resonator placement studies shown in Figure 11. Examining the data trends in

the figure, it is evident that the centrally placed filled resonator results in a shift of the third bending mode by 2% (shifted at

710 Hz) compared to the beam’s response. When the filled resonator is placed at 70 mm from the centre of the beam, it shifts

the resonance of the whole structure by 0.8% (at 730 Hz). In addition to the reduced local resonance, the presence of granules

in the damper cavity has led to a 45% reduction in inertance amplitude, indicating that the granules have contributed to

damper performance.

Figure 17 includes the response of a single empty resonator to enable direct comparison with the partly granular-filled

configuration. The results show that while the empty resonator already contributes to a reduction in the third bending mode

amplitude, the addition of granular material provides further attenuation. This enhanced suppression is attributed to impact

and friction-induced energy dissipation within the granular medium, which introduces nonlinear damping mechanisms not

present in the empty resonator.

Conclusion

This paper explores the use of resonators with granular filling in altering the modal response of the main structure. The study

models an unconventional hollow-spherical resonator using a parameter-based analytical approach. It also examines the

production and material characterisation of the resonator. Experimental and numerical analyses assess the resonators’ effects

on external energy absorption across a frequency range up to 1 kHz, considering both single and multiple resonator

configurations. A key finding is the emergence of relatively wide frequency gaps of up to 200 Hz in multiple resonator

setups, demonstrating the efficiency of lightweight structures in low-frequency regime. Granular materials filled resonator

further improved the efficiency resulting in a 45% reduction of FRF amplitude of the main structure response. This supports

the potential of particle-filled resonators for damping, highlighting the need for further study of the effect of granular

materials within resonators to enhance their performance.
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