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Abstract

To mitigate the high contact forces and noise inherent in traditional hard-impact dampers,
this work evaluates the efficacy of a soft viscoelastic vibro-impact interface for passive
vibration suppression. This study investigates the nonlinear dynamic behavior of a can-
tilever beam equipped with a soft vibro-impact interface, combining theoretical modeling
and experimental validation to explore energy redistribution and damping enhancement
mechanisms. The system is excited under both free and forced vibration conditions, and its
response is characterized through tip displacement, acceleration, and impact force measure-
ments. Numerical simulations based on an impact-contact model accurately predict the
amplitude-dependent broadening and frequency shift observed in the experiments, demon-
strating that the soft impacts introduce nonlinear stiffness and effective damping. The
comparison between theoretical and experimental frequency responses confirms that energy
is transferred from the primary mode to higher harmonics, leading to broadband vibration
attenuation. These findings provide experimental evidence of the nonlinear energy transfer
mechanisms previously predicted, including harmonic resonance stimulation and non-
resonant energy exchange. The results demonstrate that soft-contact vibro-impact dampers
can be effectively tuned to exploit nonlinear dynamics for enhanced passive vibration sup-
pression, bridging the gap between theoretical predictions and practical implementations.

Keywords: impact damper; vibration suppression; impacts; nonlinear vibration;
machine vibration

1. Introduction

The ongoing advancement of high-speed industrial machinery and precision manu-
facturing systems demands advanced vibration control strategies to maintain operational
accuracy and structural longevity. Traditional linear isolation methods often prove insuf-
ficient when addressing broadband or transient excitations typical in complex machine
assemblies. Recently, there has been an increased interest in the application of nonlinear
passive, active, or adaptive control and isolation strategies for vibration, shock, and im-
pacts [1]. An idea for vibration suppression is to transfer the energy resulting from a shock
to a secondary system or to higher modes rather than isolating the vibration. There are
several categories within this concept. These devices exploit the nonlinearity of impacts
and other phenomena such as nonlinear stiffness and dry friction to transfer the energy
and dissipate vibrations.
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1.1. State of the Art in Vibro-Impact Damping

The systems which leverage the dissipative interactions between granular materials
and structural components to enhance damping efficiency are called impact dampers [2].
Other systems demonstrate energy transfer between modes such as in vibro-impacting
cantilever beams [3]. Particle dampers rely on the impact of one or several particles, which
are usually in the form of rigid balls within a container [4]. Single-mass and multiple-mass
impact dampers have been considered for their high performance in reducing structural
vibrations through adequate optimization of their parameters [5,6]. Akbar et al. [7] also
focused on the effect of hard and soft impacts. This study proposes lining Single-Particle
Impact Dampers (SPIDs) with viscoelastic materials to address the high impact forces and
noise associated with traditional hard-impact designs. Experimental results show that
soft impact dampers (specifically using polyurethane foam) reduce impact forces by 96%
and noise levels by 11.55 dB compared to steel-on-steel impacts, while maintaining a 40%
reduction in vibration amplitude at resonance. Momentum exchange impact dampers
(MEIDs) are based on the collision of two interfaces and are sometimes referred to as vibro-
impact attachments. The concept that a momentum exchange impact damper transfers
part of the momentum to a damper mass to reduce the shock vibration of the system was
presented by Son et al. [8] focusing on the application of MEIDs in the reduction in floor
impact noise and vibrations, demonstrating their potential to improve acoustic comfort
in buildings. Karayannis et al. [9] presented this concept investigating their ability to
passively absorb and dissipate significant portions of shock energy applied to primary
systems, finding improved isolation in a wide frequency range. These devices have been
extensively studied for their effectiveness in reducing structural vibrations through energy
dissipation by impact. Further investigations explored the energy transfer mechanisms in
multi-body MEID configurations, revealing complex interactions that enhance damping
efficiency [10]. These devices work on the concept of targeted energy transfer (TET) which
has been central to the development of vibro-impact non-linear energy sinks (VI-NESs).
Weidemann et al. and Li et al. [11,12] explored the response of VI-NESs in nonlinear
modal energy exchange, considering chains of oscillators and multiple degree-of-freedom
systems. The authors found that when properly tuned, a VI-NES can extract energy from
the primary structure due to the inelastic impacts and nonlinear stiffness characteristics.
As these systems depend on parameters such as gravity, friction and non-linear stiffness,
complex interactions can appear between these factors, so tuning is important to achieve
broadband vibration suppression [13].

On the other hand, active or semiactive dampers, where interface properties can
be tuned, have also been studied extensively [14-16]. Advancements in active damping
control have led to the development of active MEIDs, where external actuators modulate
the damping effect, optimizing energy dissipation [17]. In aerospace applications, hybrid
MEIDs have been proposed for spacecraft landing gear systems, integrating impact damp-
ing with other control strategies to mitigate landing shocks [18]. Recent innovations in
material science have expanded the capabilities of impact dampers. The use of liquid
crystalline elastomers (LCEs) in impact damping applications has been explored, demon-
strating enhanced energy absorption properties [19,20]. Similarly, the incorporation of
magnetorheological elastomers (MREs) into variable stiffness impact dampers has enabled
adaptive performance in response to dynamic loading conditions [21]. Rahmat et al. [22,23]
developed a control model for an MREs-based damper and investigated its performance
under transient loads, showing that MREs can modulate stiffness and damping charac-
teristics in real time, allowing semiactive control of impact forces. MEIDs have also been
applied in marine engineering, where pre-straining spring mechanisms have been intro-
duced to optimize impact damping for boat shock vibration control [24]. Other recent
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applications involve the use of hybrid automotive dampers, combining viscous damping
and multiple-impact mechanisms, demonstrating improved damping in high-frequency
regions and suggesting applications in suspension systems [25]. Ganci et al. [26] developed
tapered impact dampers in roadside traffic signal structures, achieving effective vibration
mitigation under wind-induced oscillations. Darmawan et al. [27] studied aerospace ap-
plications that propose a smart impact damper based on previews for the landing gear
of unmanned aerial vehicles (UAVs), highlighting its effectiveness of shock attenuation
through simulation and experimental validations.

1.2. Nonlinear Dynamics and Modeling Challenges

The modeling of impact dampers is an important and challenging task. Seminal work
by Karayannis [9] considered piecewise nonlinear models to represent the dynamics of
the system and understand the energy dissipation mechanisms through repeated impacts
where the coefficient of restitution is a key parameter that can lead to stable or unstable
responses as studied by Li and Du [28]. Gong et al. examined the multi-state dynam-
ics and model similarity in vibro-impact systems, finding transitions between periodic,
quasiperiodic, and chaotic behavior, which is important to understand the robustness of
these devices under broadband or transient excitations [29]. The effects of the system
parameters, i.e., mass, stiffness, and symmetry effects have been extensively studied by
Lizunov et al. [30]. Optimal performance was found for low stiffness and high damping
at the impact interface, as it promotes targeted energy transfer through a broader range
of excitations, considering a Hertzian model for the contact interface. The mass ratio
between the primary structure and damper is also important, as a higher mass ratio leads
to better energy transfer but might cause wear due to the larger number of impacts [31].
In addition, when using a double-sided damper, i.e., having impacts at two ends, it can
outperform single-sided designs. Furthermore, when considering a double-sided design,
asymmetry can lead to enhanced energy localization and dissipation [32]. However, these
comprehensive studies present only theoretical analysis with no experimental validation.
Thus, practical implementation and validation through laboratory or real-life scenarios
remains an important venue for further research.

Several studies have revealed a rich array of nonlinear phenomena in vibro-impacting
cantilever (VIC) beams, such as the emergence of subharmonics and superharmonics,
period-doubling routes to chaos, chattering, and aperiodic motions [33-37]. For instance,
Bishop et al. [34] mapped various zones of periodic and multi-periodic behavior in the
frequency response of impacting beams and proved the possibility of periodic and multi-
periodic behavior during repetitive impacts on the vibro-impacting beam. Other researchers
focused particularly on the bifurcation and the chaotic transitions [37,38]. Gandhi and
Vyas [39] proved that VICs are nonlinear oscillators which show amplitude jumps and res-
onance frequency shifts akin to the behaviour observed in the Duffing oscillators. For these
reasons VICs have been deemed highly suitable for numerous engineering applications,
from vibration energy harvesting [40] to innovative damping solutions as in nonlinear
energy sinks and tuned damping devices [41,42]. Despite this progress, the intricate dy-
namics arising from resonant and non-resonant energy interactions in VICs are still not
fully understood, representing a significant area for future research given their broad
application potential.

1.3. Scope and Contribution of This Study

The design of the damper proposed in this work comprises an impacting mass attached
to a cantilever beam that is subjected to a sudden release, which then impacts against a
silicone rubber support. A mathematical model is first considered to predict the response,
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and then an experimental design is presented for different stiffness configurations to
investigate the effect on the impact suppression and calibrate the theoretical model with
the experimental results. The main scientific contribution of this work is that, unlike
previous studies that focus primarily on theoretical models of vibro-impact systems, this
work offers a combined theoretical-experimental investigation of a cantilever-based impact
damper using a viscoelastic silicone rubber interface. The use of a soft impact interface is
another important part of this contribution, as most of the studies available consider hard
impacts. While the vast majority of research on impact dampers focuses on hard interfaces
governed primarily by momentum exchange and instantaneous restitution [7], recent
developments have shifted attention toward the benefits of soft, deformable boundaries.
For example, Zhang et al. [43] recently demonstrated that the use of viscoelastic structural
damping mechanisms can fundamentally alter energy dissipation, enabling broadband
absorption that goes beyond simple resonance. This supports the premise of the current
study, where the introduction of a silicone rubber interface is shown to exploit material
nonlinearity for enhanced vibration suppression, distinct from the rigid collisions found
in traditional designs. The proposed setup allows for further controlled variation of
stiffness and captures nonlinear dynamic effects that are then validated experimentally,
demonstrating an adequate correlation between theory and practice, thus addressing a
key gap in the current literature and offering new insights for practical impact damper
design and calibration. In addition, considering a cantilever beam in the model allows for
more realistic boundary conditions similar to structural components found in different
engineering disciplines. Although the interface is considered linear, using silicone rubber
as the impacting surface could lead to further advantages due to material nonlinearity
and viscoelastic effects. By integrating nonlinear vibro-impact interfaces, such as the
viscoelastic support proposed in this study, machine designers can exploit Targeted Energy
Transfer (TET) to protect sensitive mechanical components from dangerous vibrations. This
approach shifts the focus from simple isolation to dynamic energy redistribution within the
machine structure, offering a robust solution for a wide spectrum of industrial applications,
ranging from robotic actuators to aerospace landing systems.

2. Numerical Modeling
2.1. Model Configuration

The mathematical model considers a cantilever beam whose free-end can impact an
elastic support separated by a clearance d from the beam tip. The schematics of the model
are presented in Figure 1. The system response is evaluated for free and forced vibration as
illustrated in the following subsections. The elastic support is modeled by a spring of stiff-
ness k1 and a damper with damping coefficient ¢; and connected in parallel. The cantilever
beam is modeled as a Euler-Bernoulli beam. A modal superposition approach is adopted
and the beam response is approximated by the first N modes and the relationship between
the vector of actual displacements of the beam x; and the modal coordinates vector y is
given by

xp(t) = By(t), ©)

where B is the modal matrix made of the mass-normalized mode shapes vectors ¢ ™) of the
cantilever beam:

B=[p0) 9@ .. oM. 2)

The modal coordinates vector y contains all the modal responses v, (t)

yO={n® wb .. wo} ®)
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Each modal response is obtained by solving the modal equation of motion by numer-
ical integration using a fourth-order Runge-Kutta method. The n-th modal equation of
motion is given by

in(£) + 20uwnin (t) + wiyn(t) = qu(t) (4)

where wj, is the n-th natural frequency of the cantilever beam and (, is the n-th modal
damping ratio. The aluminum beam is assumed to be lightly damped so a value of
Cn = 0.01 was added to approximate the structural damping of the beam. This value was
later confirmed in an experimental modal analysis using the impact hammer method, where
the modal damping was obtained by a simple peak picking and half power estimation.
Modal damping has also been added to each modal equation of motion to model vibration
dissipation in the beam. The modal force, g,(t), which is computed at each time step,
expresses the contact force with the support is given by

q(t) = Bf(t) (5)

where £(t) is the vector of the N forces applied at the same degrees of freedom at which the
displacement vector x;(t) was evaluated. Only two components of the vector are different
from zero, where the external harmonic force is applied (f.(t) = Fe“!) in correspondence
of the displacement x;, y and where the beam can come to contact with the elastic support
(fe(t)) in correspondence of the displacement xj, ..

() ={o ... P 0 . £ .. o}T ©6)

The contact force f. is computed at each time-step and it is null when the beam is not
touching the elastic support, that is x; . > —d. The contact force is instead

fC(t) = klxb,c(t) + Clxh,c(t) (7)

when the end of the beam pushes against the elastic support, that is when x;, . < —d.

X

7 Xp,f Xb,c T
/

v ——
/ T X1 T Z
/] .
o Fela)t k]_ \—|—1 Cq

AN2 B u g

Figure 1. Model of a cantilever beam with a soft impact damper modeled as a spring damper in
parallel located at its free end.

The free and forced response of the impact damper is analyzed in the following
sections, considering a soft impacting interface. A slender aluminum beam is considered
and approximated using Euler-Bernoulli beam theory. For the free response estimation,
a prescribed static displacement is applied to the tip of the beam as an initial condition,
so the motion starts when it is released. Different values of the initial displacement are
considered. For forced vibrations, a sinusoidal input force is applied at a point in the
beam. The parameters used in the modeling as well as further experimental validation
are presented in Table 1. The natural frequencies were theoretically estimated using
Euler-Bernoulli theory for slender beams and later confirmed by experimental modal
analysis, while the input force was given by increasing the gain in the power amplifier in
steps for each measurement. The response is obtained for different values of the frequency

https://doi.org/10.3390 /machines14020206


https://doi.org/10.3390/machines14020206

Machines 2026, 14, 206

60f17

and amplitude of the input signal. For both free and forced vibrations, tip displacement
and acceleration, as well as contact force, are estimated through the simulations.

Table 1. Geometrical and experimental parameters of the vibro-impacting beam.

Parameter Symbol Value
Geometrical and material properties

Beam length L 0.40m

Beam width b 38 mm

Beam thickness h 3 mm

Material - Aluminum

Impact gap d 4 mm

Force application point Xp,f 70 mm from fixed end
First five natural frequencies fu 15.4,96.6, 270.6, 530.3, 876.6 Hz

Excitation and measurement conditions

Excitation type
Input forces (rms)
Measured responses

- Free (sudden release), Sinusoidal force
Fin 1.6,3.6,5.8,9.8,11.8,15.6,18.6,22.5,25.0,28.8 N
- Tip displacement, acceleration, contact force

2.2. Free Response

The free response computed from the simulations is presented in Figure 2. The re-
sponse is given for different values of the initial displacement applied to the free end of the
beam to initiate the motion. These values range from the initial value of 4 mm to the largest
displacement of 10 mm, increasing in 1 mm steps, depicted as virtual tests 1 to 7 in the
figure. The free response is presented in acceleration and displacement amplitudes, as well
as the corresponding frequency content (FFT) of the acceleration response. The contact
force between the vibro-impact support and the beam is included. It is important to note
that for the first value of the 4 mm tip displacement considered, no contact is experienced as
this value equals the gap between the impact support and the beam. However, as the initial
displacement increases, the tip of the beam impacts the support. The calculated contact
force shows the impact timing, with more impacts occurring as the initial displacement
increases. This effect can also be observed in the acceleration response, showing the peaks
that represent the occurrence of impacts. The frequency contents of the response also
show a recurrence of the second and third harmonics corresponding to the second and
third natural frequencies of the beam, respectively. As the initial displacement increases,
the response of the beam becomes nonlinear and higher harmonics or additional modes can
be excited, leading to the increase in contribution corresponding to the frequency peaks at
the second and third natural frequencies. This effect suggests that the energy distribution
and dissipation is shifted to higher frequencies because of the repeating impacts. For the
larger amplitudes, the shape of the resonance peaks showing a spread in frequency sug-
gests strong nonlinearity that could include higher harmonics due to harmonic distortion,
especially when the initial displacement exceeds the linear range of the system.
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Figure 2. Theoretical free response of the impact damper for different initial displacements.

2.3. Forced Response

On the other hand, Figure 3 shows the forced response given for increasing input force
values. This example is calculated for a fixed frequency of 16 Hz close to the first resonant
frequency. Tip acceleration in the time and frequency domains, displacement response,
and impact force are presented. The peak amplitude input forces considered for virtual tests
1 to 10 are given in Table 1 to match the forces considered in the experimental campaign.
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Figure 3. Theoretical forced response of the impact damper for different values of the input force.

The increasing input force leads to stronger impacts, which introduce nonlinear damp-

ing effects. However, the frequency content also shows a prominent second harmonic while
the third harmonic appears for large values of the input force, with sidebands spread at the
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excitation frequency of 16 Hz around the main resonance peaks. As a result, higher input
forces excite additional modes, as evidenced by the spectral content. The impact damper
is effective in modifying the system dynamics by redistributing energy into different fre-
quency components. The results suggest a transition from a linear regime to a nonlinear
impact-dominated regime. The repetitive behaviour of impacts creates a spectrum with
additional frequency content. The sidebands that appear around the main harmonics at
16 Hz, 97 Hz, and 270 Hz, spaced by 16 Hz, suggest a modulation effect on the system
response. This phenomenon is typically associated with nonlinear interactions as the im-
pact damper introduces nonlinearities due to intermittent contact. As each impact acts
as a periodic perturbation, the response of the system is modulated at the excitation fre-
quency, creating sidebands at integer multiples of 16 Hz around the dominant frequencies.
This energy redistribution can amplify or suppress certain frequencies depending on the
impact conditions.

Discrete values of the forcing frequency are also considered. The frequency response is
presented in Figure 4 comparing the linear system with the impacting response for different
values of the input force.

=2

'10 T T T T
=
T 107}
.
~—
W
E
-
N PR .-‘,-"""‘f';w,d_w
10t 1
= L I I 1 I _“w:
0 5 10 15 20 25 30

Frequency (Hz)

Figure 4. Numerical response (receptance) of the vibro-impacting beam for different values of the
input force given with reference to the displacement rms.

3. Experimental Characterization
3.1. The Test Rig

The proposed experimental device comprises an aluminum cantilever beam of length
0.4 m, width 38 mm and thickness of 3 mm, supported by an aluminum frame. The vibro-
impact support is a silicone rubber cylinder of 30 mm diameter and 12 mm height, its
mass is 10 gr, and the equivalent stiffness measured during uniaxial compression test
is 22 KN/m. The rubber support is attached to the fixed frame. There is a 4 mm gap
between the impact damper and the beam. An accelerometer is placed on the tip of the
beam to record its acceleration. By means of a sudden release of the beam from an initial
prescribed displacement, the mass impacts the damper in free vibration. The value of the
initial displacement was varied from 4 to 10 mm in 1 mm intervals to match the analytical
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simulations. For each case, ten single measurements were recorded and then averaged.
Data acquisition was set up to a frequency span of 500 Hz and 1600 lines of resolution
resulting in data length of 3.2 s. Real time processing was used during the acquisition to
obtain the FFT analysis. Schematics and a photo of the experimental setup are presented in
Figure 5.

For the case of forced vibration response, a shaker is attached through a stinger and a
mechanical impedance sensor at 70 mm from the fixed support. hlrReal time processing
was used in the signal analyzer, considering 30 averages, a frequency span of 800 Hz
resulting in data segments of 2 s each, 50 % overlap and Hanning window. The input forces
are given in Table 1. The setup and photograph of this configuration are shown in Figure 6.

Figure 5. Schematics and picture of the experimental rig for free vibration. (1) Cantilever beam, (2) soft
impact damper, (3) force sensor (4) dynamic signal analyzer, (5) PC based data acquisition system.

Figure 6. Schematics and picture of the experimental rig for forced vibration. (1) Cantilever beam,
(2) soft impact damper, (3) accelerometer (4) DC electromagnet, (5) DC power supply, (6, 7) PC based
data acquisition system, (8) mechanical impedance sensor.
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3.2. Free Vibration Results

Figure 7 shows the experimental free response results for the different values of the
initial displacement considered. The observed trend is similar to the theoretical analysis
presented in Figure 2. Impacts are not recorded for the first test with an imposed initial
displacement of 4 mm, but as the initial displacement is larger, more impacts appear.
As before, the occurrence of the second and third natural frequencies in the frequency
analysis suggests nonlinear effects and the spreading of the response at higher frequencies,
thus dissipating energy into higher modes. The spread of the resonance peaks is also
observed for the largest responses, suggesting other nonlinear effects due to the large
displacements are taking place.
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Figure 7. Experimental free response of the impact damper for different initial displacements.

3.3. Forced Vibration Results

When forced vibration is considered, the experimental response is presented in
Figure 8. The different cases for increasing values of the external force at a fixed fre-
quency of 16 Hz are shown, to match the theoretical analysis. The same values of the
input force considered in the simulations were used in the experiments, as given in Table 1.
The predicted effects in the theoretical analysis are validated in this experiment, where the
nonlinear effects are evident. It appears that the dominant peaks match the fundamental ex-
citation frequency of 16 Hz as well as the second and third natural frequencies of the beam.
Higher input forces lead to more pronounced frequency components, indicating nonlinear
effects such as impacts that excite higher modes. The previously observed sidebands are
also present in the experimental results. As a result, the intermittent impacting creates a
spectrum with additional frequency content, demonstrating the capability in modifying
the system dynamics by redistributing energy into different frequency components which
can result in improved energy dissipation.

The experimental response has been obtained as the ratio between several discrete
forcing frequencies and different input amplitudes, and it is presented in Figure 9. This
plot was obtained by measuring the steady state tip response when the external force was
applied at a fixed frequency. The acceleration response was processed to estimate the
displacement response. The output/input root mean square (rms) amplitude ratio was
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then estimated. The tests were performed starting at a frequency of 10 Hz up to a frequency
of 25 Hz in 1 Hz steps. The input force values of the rms considered were 2 N (resulting in
a linear system since no impact was observed) and then 3.7 N, 6.7 N, 10 N, 14.7 N and 18 N
for the vibro-impact response.

s Acceleration (g 20, FFT of Accelerstion (g) o, Displacement fmm) 1o, Contact Force (N)
§_of [rvmemiined 10 | ol 5|
] I ; I ! % S S S S O] [t | i | 5 i } ;

o 08 1 18 2 a 00 200 300 400 500 ] a5 1 1.5 2 o 05 1 1.5 2
wilp—= ¢ & o g WEHER N o & - W o g v E A
H_2 premermmreseestessecorowey 10| L oM 5L i

My es 1 15 2 % 10 200 300 40 s "o os 1 15 2 o o5 1 15 2
- S . : Y g B ! i ;
o3 roermmoeeeeneeov eI, 10 [ o MMM & IELLEL L L
1 i I i 1 G saich—ct—ce—d L i 1 i | —gl ] 1 i

o 05 1 1.5 2 a 100 200 300 400 500 [V} 05 1 15 2 o [ 1 1.5 2
et L B ¢ S peramebay f 8 3 W _§ g 9 1 1
B_of Y, 1© | [ o rINAMANNARAANARMANS S AAEHELLORL R

" 05 1 1.5 2 T 200 500 400 500 100 as 1 15 2 i us 1 14 2
g | f iy TN "
B0 AT © NN S SRS

o 05 1 1.5 2 o 100 200 300 400 500 (] 05 1 15 2 o os 1 15 2
o 49 - r | 20, 10 - - 10 - : -
B, T, o [ oA S MMM
[ A : : ! o ~10 i i i -5 : : !

o 0E& 1 18 2 o 00 200 300 400 500 ] a5 1 1.5 2 o 1R 1 1.5 2
il £ 2 : o W
0 e T 1

_wl} 0:5 | 1.5 2 o 100 200 300 400 500 _100 0:5 l t:E 2 _sl} CI:E | I.‘E 2
™ 20. z * 2 | 20 Frequency {Hz} . 10 x : . 107+ T
IR i S ol SIRHRE
=g LTI TIR T L ALLLLRRa | o —10 L L L 5l Al LT

o 05 1 15 2 a 100 200 300 400 500 o 05 1 1.5 2 o o5 1 1.5 2
o 49 - — 1 20 ) ) 10 e - 12 T T .
0 T T A

e i " ¥ o 100 200 300 400 500 _100 0:5 1 Y:S 2 _5D : 6.5 i 1 ) |‘.5 2

B s — 20 Frequency (Hz} 10 - Tt 10 T

8 10| | o AAAASARAARRAAARAANAAV l'u"] Y o | Hik

] -10 : el L
o 100 200 300 400 500 o 05 1 18 2 o 05

1
Frequency (Hz) Time (s} Time {s)

Figure 8. Experimental forced response of the impact damper for different values of the excitation force.
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Figure 9. Experimental response (receptance) of the vibro-impacting beam for different values of the
input force given with reference to the displacement rms.

4. Discussion on Theoretical and Experimental Results

Consistent agreement is observed between theoretical simulations and experimental
measurements for free and forced responses (Figures 10 and 11). These figures present
comparisons between the theoretical model and experimental validation for specific scenar-
ios, i.e., an initial displacement of 100 mm for free vibration, and an input force of 12 N at
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16 Hz. These experiments validate the main trends predicted by the model, confirming the
excitation of higher-order modes and the broadening of the resonance region as a function
of increasing amplitude or input force. These effects arise from the nonlinear nature of the
vibro-impact interaction, where repeated contacts introduce strong coupling between the
fundamental and higher modes of vibration.

These observed phenomena, namely the resonance broadening and the activation
of higher-order modes, are direct manifestations of the fundamental nonlinear energy
transfer mechanisms enabled by the vibro-impact interaction. Such mechanisms are a well-
established feature of nonlinear vibration absorbers, such as Nonlinear Energy Sinks (NESs),
where they enable passive and broadband energy dissipation [9,44]. As analyzed by [45,46],
the impulsive, non-smooth nature of impacts induces two synergistic effects: inter-modal
energy scattering and targeted energy transfer. Inter-modal energy scattering refers to the
broadband redistribution of vibrational energy from the directly excited fundamental mode
into higher structural eigenmodes, facilitated by the frequency mixing inherent to nonlinear
impacts. Concurrently, targeted energy transfer describes the irreversible channeling of a
portion of this scattered energy into the localized modes of the vibro-impact attachment
itself, where it is subsequently dissipated. This dual mechanism explains the effective
vibration suppression over an extended frequency range, as the system’s response is no
longer governed by a single, sharp resonance but is instead averaged and dissipated across
multiple modes [47]. Although this work focuses on a compliant vibro-impact support,
the core physical principles of nonlinear energy scattering and transfer are analogous.

(a) (b)

. - 30 - . .
- - Experiment - - Experiment
—Theory

25 —Theory

Accel (g)

0 02 0.4 06 08 1 0 02 0.4 06 08 1
Time (s) Time (s)

Figure 10. Comparison between simulation and experimental tests of the free response for an initial
displacement of 10 mm. (a) Tip acceleration. (b) Contact force.
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Figure 11. Comparison between simulation and experimental of the forced response for an input
force of 12 N. (a) Tip acceleration. (b) Contact force.
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In the current configuration, impacts with the viscoelastic support contribute to en-
hance energy dissipation by shifting vibrational energy from the dominant (first) mode to
higher-order modes, where damping is more effective. This impact-induced mode coupling
mechanism has been widely recognized as a characteristic of nonlinear damping and is
consistent with the numerical predictions of this work. The experimental frequency spectra
confirm the presence of sidebands and higher harmonics, indicating modulation effects
similar to those associated with non-resonant energy transfer in theoretical VIC models.

Figure 4 illustrates the simulated frequency response of the system to increasing excita-
tion amplitudes. At low forcing levels, the system behaves linearly, showing a single sharp
resonance peak near the first natural frequency. As the input force increases and the beam
begins to contact the soft support, impacts introduce additional stiffness and damping.
The resonance peak becomes broader and slightly shifts toward higher frequencies, indicat-
ing amplitude-dependent dynamic stiffness. At higher excitation levels, the curve flattens,
which is characteristic of nonlinear systems with intermittent contact. These distortions
in the receptance curve reflect the redistribution of vibrational energy from the funda-
mental mode toward higher harmonics, effectively increasing dissipation. Furthermore,
the experimental results presented in Figure 9 show a very similar trend. For the smallest
input force (approximately 2 N), the system remains in the linear regime and no impacts
occur, resulting in a sharp resonance near 16 Hz. As the input force increases beyond the
impact threshold, the resonance peak broadens and its amplitude decreases, matching
the nonlinear damping behavior predicted numerically. The progressive flattening and
widening of the experimental frequency response at higher force levels confirm that the
system transitions from a linear resonant regime to a nonlinear impact-dominated regime.
The similarity in the shape and evolution of the numerical and experimental receptance
curves demonstrates that the model accurately captures the essential nonlinear dynamics
of the vibro-impact damper.

The observed spectral broadening and emergence of higher-frequency components
are consistent with the theoretical mechanisms of nonlinear energy interactions described
by Vyas [3]. In the later reference, vibro-impacting cantilevers (VICs) were shown to exhibit
both resonant and non-resonant energy transfers between modes, producing amplitude
modulation, subharmonic resonances, and quasi-periodic responses through Harmonic
Resonance Energy Stimulation (HRES). Although the present study does not explicitly re-
solve the secondary jump or quasi-periodic dynamics predicted by Vyas, the redistribution
of spectral energy to higher frequencies observed in both free and forced experiments pro-
vides experimental evidence of similar nonlinear energy pathways. These higher frequency
contents suggest that energy dissipation occurs through impact-induced mode coupling,
validating the predictions from numerical simulations.

Table 2 shows a summary of the theoretical and experimental findings as presented
in Figures 10 and 11. Although some discrepancies between theoretical and experimental
results are found, in particular for the case of free vibration peak contact force, those can
be attributed to simplifications in the model, such as the assumption of idealized contact
and constant damping parameters. In practice, factors such as the viscoelastic nonlinearity
of the silicone interface, variations in the coefficient of restitution, and imperfections in
the boundary condition can alter the dynamics of the contact. Nevertheless, the close
correlation between the simulation and the experimental results demonstrates that the
proposed impact damper model effectively captures the dominant nonlinear mechanisms
governing energy redistribution and dissipation.
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Table 2. Quantitative comparison between theoretical predictions and experimental measurements
for selected vibration cases.

Case/Input Condition Parameter Theory Experiment Deviation (%)
Linear Regime 1st Natural Freq. 154 Hz 16.0 Hz 3.9%

(Fin = 2N)

Nonlinear Forced Peak Tip Accel. 52¢g 4l1g 26.8%

(Fi;, =12N,16 Hz) Peak Contact Force  10.0 N 94N 6.3%
Nonlinear Free Peak Tip Accel. 107 g %g 12.6%
(Init. Disp. = 10 mm) Peak Contact Force 10N 25N 60%

From a machine design perspective, the transition of the cantilever system into a
nonlinear impact-dominated regime under high-force conditions provides a versatile mech-
anism for broadband damping. The selection of a viscoelastic silicone rubber interface is
particularly advantageous for industrial machinery because of its material durability and
the capacity for controlled stiffness variation. These experimental results suggest that such
isolators could be effectively scaled and integrated into larger mechanical frameworks,
such as automotive suspension systems or structural dampers, i.e., end stop impacts and
buffers. Furthermore, the occurrence of predictable higher-frequency components and
sidebands could serve as a diagnostic feature, allowing passive monitoring of machine
health through impact-induced modal signatures. Overall, this work complements the
purely theoretical studies of vibro-impacting beams by providing experimental validation
of nonlinear impact dynamics and mode coupling. The findings emphasize that properly
tuned impact dampers can take advantage of these nonlinear mechanisms to enhance
vibration suppression through dynamic energy redistribution, bridging the gap between
theoretical predictions and practical implementation in machines and structural systems.
Despite these advantages, practical implementation requires careful consideration of phys-
ical constraints. The device’s effectiveness relies on maintaining a precise gap distance,
which may be challenging in space-constrained environments where clearance is limited.
Furthermore, while the viscoelastic interface significantly reduces peak forces compared
to hard impacts, long-term durability regarding material fatigue and wear from repetitive
high-frequency impacts remains a critical factor for service life. However, even with these
constraints, the proposed soft-impact configuration is highly promising for scalable ap-
plications, particularly as end-stop buffers in automotive suspension systems or robotic
actuators. In these scenarios, the damper can effectively function as a secondary safety
mechanism, preventing structural damage from limit-cycle oscillations while providing
supplementary broadband damping.

Future work will extend this research in two specific technical directions. First, the in-
vestigation could consider multi-degree-of-freedom (MDOF) systems by coupling the
impact damper to a primary oscillator. This will allow for the analysis of Targeted Energy
Transfer (TET) efficiency and the suppression of specific structural modes through energy
pumping. Second, to account for the limitations of passive tuning, semi-active control
strategies can be implemented by replacing the passive silicone interface with Magnetorhe-
ological Elastomers (MREs). This methodology will enable real-time modulation of the
contact stiffness via an external magnetic field. Subsequent research will focus on investigat-
ing control strategies such as on-off stiffness switching or phase-based control to maximize
energy dissipation across varying excitation frequencies and transient load conditions.
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5. Conclusions

This work presented a combined theoretical and experimental study of a vibro-
impacting cantilever beam equipped with a soft impact interface, aimed at character-
izing its nonlinear dynamic response and damping performance. From an engineering
design perspective, this study establishes three key guidelines for implementing soft vibro-
impact dampers.

First, effective broadband suppression relies on tuning the system to operate specifi-
cally in the nonlinear impact-dominated regime. The experimental results demonstrate that
pushing the system beyond the linear threshold where resonance peaks flatten and widen
is necessary to trigger the energy redistribution mechanisms required for robust damping.

Second, the selection of a viscoelastic interface offers distinct advantages over tra-
ditional hard stops. Beyond simple momentum exchange, the soft interface introduces
material damping and nonlinear stiffness that facilitate inter-modal energy scattering to
higher harmonics, reducing vibration amplitude while protecting the host structure from
high-force transient shocks.

Third, the close correlation between the numerical model and experimental trials
confirms that the impact gap and contact stiffness can be treated as precise tuning variables.
This validates the proposed model as a reliable design tool for predicting the onset of
nonlinear damping and optimizing the damper configuration before physical prototyping.

In summary, the integration of theoretical modeling and experimental validation
has demonstrated that soft-contact vibro-impact systems can achieve enhanced damping
through amplitude-dependent nonlinear dynamics. Future work will focus on extending the
approach to multi-degree-of-freedom configurations and exploring adaptive or semi-active
implementations to broaden the operational frequency range and improve controllability.
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