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Abstract

Slender cantilever precision positioning actuators are highly susceptible to ambient low-
frequency micro-vibrations, which severely deteriorate dynamic positioning accuracy and
operational stability. To address this challenge, this paper proposes a passive vibration
attenuation method utilizing a customized partitioned particle damper. A micro-
vibration-adapted discrete element method (DEM) coupled dynamic model is established
to quantitatively characterize the underlying multi-mechanism energy dissipation driven
by micro-slip friction and weak inelastic collisions. Through systematic numerical
parametric analysis and physical experimentation, the optimal damper configuration is
identified. Experimental results rigorously demonstrate that the optimized particle
damper effectively suppresses broadband micro-vibrations (10-100 Hz), achieving a
maximum steady-state vibration damping efficiency of 63.24% and a transient peak
acceleration attenuation of 67.5% at the cantilever tip. This work provides a highly
compact, energy-free, and robust structural vibration suppression strategy,
demonstrating significant potential for application in high-precision actuation systems.
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render such cantilever actuators highly sensitive to subtle external ambient excitations [5].
The induced low-frequency micro-vibrations will directly deteriorate the structural
stability, terminal pose accuracy, and operational reliability of precision positioning
actuators, becoming a critical bottleneck restricting the performance improvement of
high-precision actuation systems. Therefore, it is imperative to develop low-frequency
micro-vibration attenuation strategies tailored to slender cantilever precision positioning
actuators to enhance their dynamic anti-interference capability and positioning accuracy
in complex service environments.

Aiming at the micro-vibration suppression challenges of flexible cantilever precision
actuation structures, numerous studies have been conducted on dynamic modeling,
vibration control strategies, and structural optimization of cantilever systems. Kumar et
al. [6] proposed an adaptive relay feedback self-excitation approach to characterize the
steady-state dynamic response of cantilever structures, verifying that the distribution of
lumped mass and damping parameters significantly affects the accuracy of dynamic
modeling. Verma et al. [7,8] employed viscoelastic materials to suppress structural
vibration of cantilever beams with tip masses and investigated the transient dynamic
regulation performance of different viscoelastic parameter configurations. However,
viscoelastic material-based vibration mitigation methods exhibit strong frequency
dependence, limited suppression capacity for low-amplitude micro-vibrations, and poor
environmental adaptability, restricting their application in high-precision actuation
scenarios. Qian et al. [9,10] designed a nonlinear spring-inerter-damper energy absorber
for vibration control of single-supported beam structures and experimentally validated
its vibration reduction effectiveness. Song et al. [11,12] exploited the stress and strain
sensing characteristics of piezoelectric materials to realize cantilever vibration
suppression and further improved the low-frequency vibration attenuation performance
via hybrid active—passive control strategies. While these methods can be effective, tuned
mass damper (TMD) techniques rely heavily on precise frequency matching with the
primary structure, while active and hybrid control systems require additional external
power supply and control units, which inevitably increase the structural complexity,
weight, and cost of precision actuation equipment. Amir et al. [13,14] proposed a cross-
section-based topological optimization method for beam structures, which improves the
fundamental frequency and reduces structural weight and elastic modulus. Nevertheless,
structural topology optimization involves complex modeling and computationally
intensive calculations, and the optimized configurations often suffer from poor
engineering manufacturability and low practicability in miniature precision actuators.

In summary, existing vibration suppression methods for cantilever structures mainly
focus on improving structural stiffness and inherent damping. However, most traditional
techniques require invasive structural modifications to original precision actuators or
additional auxiliary control modules, which pose challenges to the lightweight and
integrated design requirements of modern high-precision positioning equipment. As a
novel passive vibration control technology [15-18], particle damping (PD) possesses
unique advantages of minimal structural invasion, simple configuration, easy integration,
and energy-free operation, which is suitable for the requirements of precision actuation
systems. The vibration energy dissipation of particle damping is primarily realized
through the collision and friction damping effects of internal particle media [19,20,21,22],
and it has been widely verified in civil engineering, mechanical equipment, and aerospace
structures. Zhao et al. [23] adopted particle dampers to suppress train-induced structural
vibration and achieved effective vertical acceleration attenuation in specific bandgaps.
Xiao et al. [24] applied particle damping technology to gear vibration control, verifying its
superior stability and reliability in mechanical vibration suppression. Niedermeyer et al.
[25] introduced particle damping into aero-engine compressor blade vibration reduction
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and effectively improved the structural damping performance of blade components.
Although particle damping has demonstrated excellent applicability and reliability in
various macro-scale vibration suppression fields, systematic research on its low-frequency
micro-vibration suppression performance for slender cantilever precision actuators
remains insufficient. Exploring the application of particle damping in low-frequency
micro-vibration attenuation of flexible cantilever positioning actuators could contribute to
the field of passive vibration control for precision actuation structures and provide an
innovative engineering solution for micro-vibration control of high-precision positioning
systems.

Different from conventional continuum vibration damping methods, particle
damping involves discrete particle collision and friction coupling behavior, which cannot
be accurately analyzed by traditional continuum mechanics theories. The discrete element
method (DEM), first proposed by Cundall and Strack in 1979 for geomechanics analysis
[26-28], provides an effective numerical tool for characterizing discrete particle damping
behavior. Rongong et al. [29] experimentally investigated the damping characteristics of
particle-damped single-degree-of-freedom systems and summarized their medium- and
high-frequency vibration attenuation performance. Lu et al. [28] analyzed the damping
mechanism under free attenuation, steady-state random excitation, and unsteady
excitation conditions and proposed the effective momentum exchange theory to explain
the energy dissipation principle of particle systems. Nevertheless, the standard DEM
based on Newton’s second law fails to directly quantify the micro-vibration attenuation
effect and equivalent damping characteristics of particle damping structures [30,31].
While previous studies have successfully applied particle damping to macro-scale
structures such as conventional cantilever beams, aero-engine compressor blades, and
gears, its implementation in ultra-precision cantilever positioning mechanisms faces
fundamentally different constraints. In this specific scenario, a comparative analysis
reveals the limitations of other mainstream vibration suppression methods. Active
vibration control systems, such as piezoelectric or electromagnetic actuators, offer high
adaptability but introduce inevitable thermal deformations and electrical noise, which can
be fatal to sub-micron terminal positioning accuracy. Among passive methods, Tuned
Mass Dampers (TMDs) are limited by their narrow effective frequency bandwidth and
high sensitivity to detuning, making them inadequate for complex broadband
environmental micro-vibrations. Furthermore, traditional viscous fluid dampers pose a
severe risk of fluid leakage, which is strictly prohibited in clean and highly sensitive
precision manufacturing environments. In stark contrast, the particle damping
methodology provides a unique set of advantages for this scenario: it is completely
passive (generating zero thermal/electrical disturbances), possesses inherent broadband
energy dissipation characteristics, and operates strictly dry (eliminating contamination
risks). By further proposing a customized partitioned cavity design, this work overcomes
the traditional horizontal gravity agglomeration issue, innovatively adapting this robust
damping mechanism to the strict requirements of precision cantilever actuators.

By systematically summarizing and comparing the existing particle damping
research on cantilever beams, blades, and precision structures, three core unresolved
scientific and engineering problems are clarified:

1. Scale mismatch: Previous particle-damping studies primarily address macro-scale
vibration suppression, lacking targeted solutions for the low-frequency and ultra-
small-amplitude micro-vibrations inherent to slender cantilever precision
positioning actuators.

2.  Mechanism divergence: The conventional assumption that particle damping is
dominated by collision energy is invalid for precision structures. Under micro-
vibration conditions, the actual energy dissipation is jointly governed by micro-slip
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friction and quasi-static hysteresis extrusion, with micro-collisions playing only a
minor role.

3. Methodological limitation: The standard Discrete Element Method (DEM) fails to
directly quantify micro-vibration attenuation and equivalent damping
characteristics. This necessitates a refined DEM model incorporating a correction
coefficient A, to accurately characterize weak elastic contact and micro-slip friction
without assuming severe particle jumping or large-scale sliding.

To address this gap, this paper establishes a coupled numerical model integrating
discrete element method and multi-body dynamics, which enables quantitative
calculation and analysis of structural vibration response variation, equivalent damping
characteristics, and energy dissipation mechanism of particle-damped cantilever
precision actuators. The proposed method possesses three core innovations:

1. A micro-vibration-adapted discrete element model for particle damping systems is
established, introducing two novel correction coefficients—the micro-vibration
contact damping correction coefficient 4, and the rotational correction coefficient
m —which modify the conventional spring-damper contact model to accurately
capture the weak elastic collision and micro-slip friction behaviors under ultra-low-
amplitude excitation (10% g-10° g), overcoming the modeling deficiency of
traditional DEM in precision actuation micro-vibration scenarios.

2. A multi-mechanism energy dissipation model under micro-vibration conditions is
quantitatively established, decomposing the total energy dissipation into three
components: micro-slip friction, quasi-static hysteresis extrusion, and micro-
collision. This model clarifies that, unlike conventional macro-vibration damping, the
energy dissipation in low-frequency micro-vibrations is jointly dominated by micro-
slip friction and hysteresis, providing a theoretical basis for parameter optimization.

3. A systematic parametric analysis and experimental verification strategy is conducted
to determine the optimal coupling configuration of particle size and filling ratio. The
identified optimal configuration (1.4 mm stainless steel particle size +92% filling
ratio) achieves a 63.24% vibration damping rate and 67.5% peak acceleration
reduction, with validated broadband suppression performance across the 10-100 Hz
frequency range and 72% attenuation at the first-order resonance (70 Hz), confirming
the engineering applicability of the proposed method for high-precision positioning
systems.

The vibration attenuation efficiency of particle damping is highly sensitive to
multiple structural and physical parameters, including particle diameter, material
properties, surface roughness, recovery coefficient, and damper filling ratio [32]. This
paper systematically investigates the influence of key particle damping parameters on the
low-frequency micro-vibration dynamic response of slender cantilever precision
positioning actuators. The organizational structure of this paper is arranged as follows:
Section 2 conducts dynamic modeling and modal analysis of the slender cantilever
positioning actuator to identify its dominant vibration modes and low-frequency
vibration characteristics. Section 3 establishes a coupled dynamic model of the cantilever
actuator and particle damper based on DEM and elaborates the energy dissipation
mechanism of particle collision and friction under low-frequency micro-vibration
conditions. In Section 4, parametric analysis is performed to explore the effects of particle
diameter and filling ratio on energy dissipation performance, and the optimal damper
configuration scheme is determined. Section 5 constructs a physical experimental
platform for cantilever micro-vibration tests to verify the parametric damping
performance and low-frequency suppression effect of the optimized particle damper.
Finally, Section 6 summarizes the research conclusions and engineering implications.
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2. Dynamic Performance Analysis of Slender Cantilever Precision
Positioning Actuator

To clarify the inherent vibration characteristics and low-frequency micro-vibration
generation mechanism of the slender cantilever precision positioning actuator, this section
conducts structural dynamic modeling, finite element modal analysis, and vibration
transmission mechanism analysis. The inherent modal parameters, dominant vibration
modes, and structural dynamic stiffness distribution of the cantilever actuator are
obtained. Furthermore, the external micro-vibration excitation sources and structural
vibration transmission paths in practical service environments are analyzed. The analysis
results provide a theoretical basis and structural optimization guidance for the subsequent
parameter design and layout scheme of particle dampers for low-frequency micro-
vibration attenuation.

2.1. Model Establishment and Modal Analysis

In this study, a typical slender cantilever precision positioning actuator widely used
in limited-space high-precision positioning scenarios is taken as the research object. A
three-dimensional geometric simplified model of the cantilever structure is established,
with overall structural dimensions of 1500 mm x 100 mm x 150 mm and a wall thickness
of 10 mm. To intuitively display the internal hollow structure of the workpiece, a detailed
sectional view is provided. The structural material is 6061 aluminum alloy, which features
low density, high specific stiffness, and excellent processing manufacturability, meeting
the lightweight and high-stability design requirements of precision actuators. The key
material mechanical parameters are set as follows: density of 2.7 g/cm?, elastic modulus of
69 GPa, and Poisson’s ratio of 0.33.

To acquire the low-order inherent modal frequencies and corresponding mode
shapes that dominate the low-frequency dynamic response of the slender cantilever
actuator, finite element-based modal analysis is carried out via ANSYS Workbench 2021
R1. A hexahedron-dominated meshing strategy is adopted to ensure calculation accuracy
and mesh quality, and the SOLID186 structural solid element is selected for mesh
discretization. The final finite element model contains 110,058 nodes and 36,186 elements.

To verify the adequacy of the selected mesh density, a systematic mesh convergence
study was performed. The mesh was progressively refined across five levels, and the first-
order natural frequency was monitored as the convergence criterion. As summarized in
Table 1, the relative change in the first natural frequency diminishes to 0.54% when the
mesh is refined from the Medium (26,148 elements) to the Fine (36,186 elements) level,
and further refinement to 48,520 elements yields a negligible change of 0.06%. The Fine
mesh configuration was therefore adopted for all subsequent analyses, ensuring
computational accuracy while maintaining efficiency. The established structural
geometric model and meshing configuration are demonstrated in Figure 1.

Table 1. Comparison of predicted and experimentally measured natural frequencies.

Mesh Level Element Count Node Count First Natural Frequency (Hz)  Relative Change (%)
Coarse 8452 25,136 68.37 -
Medium-coarse 15,874 48,231 69.92 2.27
Medium 26,148 79,623 70.51 0.84
Fine 36,186 110,058 70.89 0.54
Extra-fine 48,520 147,634 70.93 0.06
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Figure 1. Three-dimensional geometric model, sectional view, and finite element meshing of the

slender cantilever actuator.

Fixed constraint boundary conditions are applied at the root support end of the
cantilever actuator, restricting all translational and rotational degrees of freedom to
simulate the actual fixed installation state of the positioning mechanism. It should be
noted that as modal analysis evaluates the inherent free-vibration characteristics of the
structure, no external dynamic excitation is applied at this stage. The low-order modal
parameters of the structure are solved and extracted. Modal characteristics are the core
inherent dynamic parameters of precision actuation structures, which directly determine
the structural vibration response, dynamic stability, and anti-interference ability under
external excitation, providing a basis support for the dynamic optimization and vibration
suppression design of precision actuators [33].

For the slender cantilever flexible positioning actuator, ignoring minor structural
damping and external time-varying excitations, the discretized undamped free vibration
governing equation of the structural system can be expressed as:

Mii(t) + Ku(t) = 0 (1)

Assuming that the structural system produces simple harmonic vibration with a
modal form of u(t) = ¢pe/®t, substituting the vibration formula into Equation (1), the
generalized eigenvalue equation for structural modal analysis is derived as:

(K — w*M)¢p = 0 (2

where M and K denote the mass matrix and stiffness matrix of the cantilever actuator
system, respectively; u(t) represents the structural nodal displacement vector; w is the
structural natural circular frequency; and ¢ corresponds to the structural vibration mode
shape vector. Fundamentally, Formulas (1) and (2) establish the theoretical mathematical
framework of structural dynamics, serving as the underlying governing equations that
the finite element solver discretizes and computes to accurately extract the modal
parameters.

The first three dominant mode shapes of the cantilever actuator are illustrated in
Figure 2, and the corresponding modal frequency and vibration characteristic parameters
are summarized in Table 2. It can be observed that the low-order modes of the slender
cantilever actuator are mainly dominated by bending and torsional vibration, which are
likely the main contributors to low-frequency micro-positioning errors of the terminal
actuator. The first-order Y-axis bending mode and the second-order X-axis torsional mode
concentrate the structural vibration energy, which are extremely susceptible to ambient
low-frequency excitations and lead to deteriorated positioning stability.
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Figure 2. Modal shapes of the slender cantilever precision positioning actuator. (a) First-order modal
shape; (b) Second-order modal shape; (c) Third-order modal shape.

Table 2. Low-order modal frequencies and vibration characteristics.

Nth Mode Modal Frequency/Hz Mode of Vibration
1 70.892 Y-axis bending
2 74.978 X-axis twisting
3 334.99 Y-axis bending

It is particularly noteworthy that the first-order bending mode (70.892 Hz) and the
second-order torsional mode (74.978 Hz) are closely spaced in the frequency domain.
While the numerical and experimental studies in this work primarily focus on the Y-
direction bending response —as the vertical bending displacement is the dominant factor
directly deteriorating aiming accuracy—the potential influence of torsional vibrations
cannot be neglected. In actual service environments subjected to multi-directional
ambient excitations, the close proximity of these natural frequencies may induce bending-
torsion coupled micro-vibrations. Fortunately, the proposed partitioned particle damper
adopts a radially symmetric cylindrical configuration. When structural torsional micro-
vibrations occur, the internal particle groups will inevitably experience circumferential
micro-slip friction and weak collisions against the inner cavity walls. Consequently, the
designed particle damping system inherently possesses multi-dimensional energy
dissipation capabilities, enabling it to robustly suppress not only vertical bending but also
potential torsional interferences.

2.2. Vibration Source Characteristics and Structural Transmission Path Analysis

The terminal positioning accuracy and dynamic stability of slender cantilever
precision positioning actuators are jointly determined by structural manufacturing
assembly accuracy and external ambient excitation. In practical ultra-precision service
scenarios, structural manufacturing errors can be controlled within a small range through
high-precision machining and assembly processes. In contrast, ambient low-frequency
micro-vibrations transmitted through the foundation and support structure are significant
factors inducing terminal micro-displacement errors and stability degradation of
precision actuators.

https://doi.org/10.3390/act15080421
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The micro-vibration excitations acting on the cantilever positioning actuator mainly
originate from on-site environmental disturbances, including ground traffic vibration, air
conditioning system operation, personnel walking, and peripheral mechanical equipment
movement. Such environmental micro-excitations are characterized by low frequency and
small amplitude, with an acceleration amplitude ranging from 10-° g to 102 g (g =9.8 m/s?).
According to the generic vibration criteria (VC) widely adopted for precision
manufacturing and metrology facilities, ambient micro-vibrations induced by ground
traffic, building service systems and human activities are typically characterized by
dominant spectral energy distributed across the 8-80 Hz band, with pronounced low-
frequency components concentrated in the 20-50 Hz range [34]. Therefore, 30 Hz is
selected as a representative sub-resonant excitation condition that reflects the typical
service environment of the cantilever precision positioning actuator.

Although the excitation amplitude is extremely low, the slender cantilever actuator
features low stiffness and weak inherent damping, making it sensitive to low-frequency
weak excitations. The ambient micro-vibrations are transmitted along the fixed support
base to the cantilever root and further propagated to the terminal execution end, resulting
in sustained micro-displacement vibration and prolonged positioning stabilization time,
which seriously restricts the ultra-precision positioning performance of the actuator.

The overall vibration transmission path of the slender cantilever positioning actuator
is summarized as follows: environmental micro-vibration source — fixed support base —
cantilever root constraint interface — cantilever flexible beam structure — terminal
positioning end. The terminal end of the cantilever is the final response node of vibration
energy and the key area where vibration energy is converted into positioning errors,
making it a suitable location for vibration suppression devices.

To intuitively illustrate the dynamic energy flow within the system, a schematic
vibration transmission route is explicitly mapped in Figure 3. As depicted, the external
environmental excitation is initially inputted through the root base support. Due to the
high flexibility of the slender structure, the vibration energy is subsequently transmitted
and significantly amplified along the cantilever beam. This amplified dynamic response
ultimately reaches the terminal precision actuation mechanism, inducing detrimental
micro-vibrations that deteriorate positioning accuracy. By installing the partitioned
particle damper at this terminal end, the transmitted vibration energy is effectively
captured and dissipated through the intensive frictional micro-slip and inelastic collisions
among the internal discrete particles, thereby completely blocking the disruptive energy
flow and stabilizing the actuator.

The theoretical source of this energy dissipation relies on granular mechanics,
specifically the intensive momentum exchange, micro-slip friction, and inelastic collisions
among particles. While this fundamental passive damping methodology is highly mature
and has long been utilized in macro-engineering applications (such as anti-vibration
hammers in transmission lines), its direct application to ultra-precision mechanisms
requires rigorous scenario-specific adaptations. For the slender cantilever actuator
discussed in this work, traditional vibration control methods—such as tuned mass
dampers (TMDs) or viscous fluid dampers—are inherently unsuitable due to strict spatial
limitations at the terminal cavity, stringent mass payload constraints, and the
unacceptable risk of fluid leakage in precision environments. Consequently, the particle
damping concept is selected for its exceptional compactness, broad frequency bandwidth,
and temperature independence. To specifically adapt to this horizontal low-frequency
vibration scenario, a customized partitioned cylindrical structure is proposed. This
architectural adaptation effectively prevents the severe agglomeration of particles at the
bottom of the cavity induced by gravity, ensuring that the discrete particles maintain
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optimal mobility and uniform energy dissipation capabilities against complex multi-
directional micro-vibrations.

Vibration Transmission Flowchart
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Figure 3. Schematic of environmental vibration excitation, particle damper installation layout, and

vibration transmission route.

2.3. Frequency-Domain Harmonic Response Characteristic Analysis

Precision positioning actuators inevitably suffer from periodic sinusoidal excitations
induced by continuous ambient micro-vibrations during service, which produce
frequency-dependent steady-state dynamic responses and further degrade terminal
positioning accuracy. To quantitatively characterize the frequency-domain vibration
response characteristics of the slender cantilever precision positioning actuator, reveal its
vibration energy transmission rules and resonant sensitive frequency bands, and provide
a theoretical basis for verifying the broadband low-frequency micro-vibration
suppression performance of the subsequent particle damping system, harmonic response
analysis based on the modal superposition method is carried out in this work. The
governing equation of the forced harmonic vibration system is established as follows:

(—0*M + joC + K)u(w) = F(w) (©)]

where C represents the structural damping matrix; F(w) is the frequency-domain
excitation force vector containing amplitude and frequency characteristics of external
micro-excitations; and u(w) denotes the complex displacement response vector that
contains both vibration amplitude and phase information of structural nodes.

For the 6061 aluminum alloy cantilever actuator, a constant modal damping ratio
model was adopted in the finite element harmonic response simulation. This model is
selected for its computational efficiency and reliability in characterizing the frequency-
independent energy dissipation of the structural system under steady-state harmonic
excitation within the low-frequency band of concern. The structural damping ratio was
experimentally identified as 0.022 via free-decay tests on the bare cantilever prototype
(without particle damper), using the logarithmic decrement method applied to the
acceleration decay curve recorded at the terminal positioning end. This baseline damping,
primarily arising from material hysteresis and joint friction, ensures that the finite element
solver yields finite and physically realistic resonant peak amplitudes, circumventing the
theoretically infinite responses that would otherwise occur at resonance.

Combined with the first two-order inherent modal frequencies obtained in the
foregoing modal analysis and the actual frequency range of environmental micro-
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vibrations (1-50 Hz), the harmonic response calculation bandwidth is set to 10-100 Hz to
fully cover the dominant low-frequency vibration band and potential resonant frequency
domain of the cantilever actuator. The acceleration amplitude frequency response curve
at the terminal positioning end of the slender cantilever precision actuator is solved and
plotted in Figure 4.

8000
5000

2000
1000

500

Amplitude (mm/s?)

1t 1}
1012.5 25 37.5 50 62.5 75 87.5 100
Frequency (Hz)

Figure 4. Harmonic response characteristics.

The numerical results indicate that the cantilever actuator exhibits a distinct
dominant resonant peak at approximately 70 Hz, which matches well with the first-order
bending modal frequency identified in modal analysis. The peak acceleration amplitude
reaches up to 7228.5 mm/s?, demonstrating a significant structural vibration amplification
effect occurring at the actuator terminal under undamped conditions, which severely
threatens the dynamic stability of the precision positioning system. Within the low-
frequency micro-vibration band of 10-60 Hz, the terminal vibration acceleration
amplitude presents an approximately logarithmic linear growth trend with the increase
in excitation frequency. This low-frequency progressive vibration response is the core
factor inducing persistent micro-positioning errors and poor repeatability of the cantilever
precision actuator. When the excitation frequency exceeds 70 Hz, the structural response
amplitude decreases rapidly and gradually tends to be stable with no obvious vibration
amplification phenomenon.

The above frequency-domain response characteristics reveal the low-frequency
micro-vibration defect and resonant sensitivity of the slender cantilever precision
positioning actuator, verifying the necessity of implementing targeted broadband low-
frequency vibration attenuation. Meanwhile, the clarified vibration frequency response
rules provide an evaluation benchmark for the subsequent optimization and performance
verification of particle damping vibration suppression schemes.

3. Establishment of the Particle Damper Dynamic Model for Precision
Actuators

To address the low-frequency micro-vibration problem of slender cantilever
precision positioning actuators, a customized particle damper structure is designed in this
section. Combined with the operating characteristics of low-amplitude and low-frequency
micro-vibrations in precision actuation systems, a refined discrete element numerical
model considering micro-scale contact and friction behavior is established. On this basis,
the multi-mechanism coupling energy dissipation characteristics of particle damping
under micro-vibration conditions are quantitatively decomposed and analyzed. The
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established theoretical model and numerical framework provide accurate model support
for subsequent parametric analysis and vibration suppression performance verification.

It should be emphasized that the microscopic kinematic behaviors of individual
particles—including mutual contacts, frictional slips, and inelastic collisions—exhibit
significant chaos and randomness under dynamic excitation. To theoretically resolve this
inherent randomness, this section approaches the modeling from a macroscopic statistical
perspective based on the principle of equivalent energy dissipation. Rather than tracing
the unpredictable trajectory of each discrete particle, the random microscopic interactions
are statistically integrated over a complete steady-state vibration cycle to derive a
deterministic equivalent macroscopic damping force. Furthermore, the customized
partitioned structure physically complements this theoretical treatment. By dividing the
global cavity into localized constraints, the spatial degrees of freedom of the particle
swarm are strictly limited. This structural restriction effectively suppresses severe random
agglomeration and chaotic flow, rendering the collective granular motion more uniform
and predictable, thereby ensuring a high degree of consistency between the physical state
and the proposed macroscopic theoretical model.

3.1. Structural Design and Layout Optimization of the Particle Damper

Particle damping is a typical nonlinear passive vibration control technology, whose
damping performance is highly dependent on external excitation frequency, vibration
amplitude, and internal particle motion states. By adjusting structural and physical
parameters such as particle diameter, material properties, and filling ratio, targeted
damping optimization can be realized for specific vibration environments. In general,
vibration suppression strategies for precision actuators can be implemented at the
vibration source, transmission path, or terminal response end. In this study, the particle
damper is directly installed at the terminal end of the cantilever precision actuator, which
enables in-situ dissipation of micro-vibration energy at the maximum vibration response
position. This terminal damping layout can effectively suppress multi-source
environmental micro-vibrations, demonstrating favorable structural adaptability and
vibration robustness for precision positioning systems.

For a fixed particle filling ratio, a reasonably increased damper cavity space can
provide sufficient motion margin for particle collision and friction, thereby improving the
overall energy dissipation efficiency. Therefore, the dimensional parameters of the
damper cavity are constrained by the available installation space at the cantilever actuator
terminal. Considering the lightweight integration requirements and convenient
parameter debugging of precision actuation equipment, an externally attached modular
damper scheme is adopted in this design. The independent damping cavity is fixed to the
inner terminal structure of the cantilever actuator through bolting and bonding, which
facilitates subsequent disassembly, replacement, and parametric experimental testing.

To increase particle collision frequency and enhance micro-energy dissipation under
low-amplitude vibration, the internal cavity is partitioned into multiple independent
confined sub-chambers to avoid large-scale particle accumulation and sliding.
Accordingly, the designed particle damper adopts a cylindrical aluminum alloy cavity
structure with an overall outer diameter of 32 mm and a total length of 55 mm. To avoid
large-scale particle accumulation and restrict excessive particle flow, the internal volume
is partitioned into ten independent sub-chambers, each featuring an inner diameter of 8
mm and a depth of 26 mm. The damper is fabricated from 6061 aluminum alloy (consistent
with the cantilever actuator material) with a uniform wall thickness of 2 mm, ensuring a
lightweight structure while providing precise spatial constraints to activate the micro-
collision and friction energy dissipation of the particle groups.
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3.2. Establishment of Micro-Vibration-Adapted Discrete Element Model

Different from conventional macro-amplitude structural vibration, the low-
frequency micro-vibrations of precision cantilever actuators are characterized by ultra-
small amplitude, low excitation frequency, and weak structural response. The energy
dissipation of particle damping under such operating conditions mainly relies on weak
elastic collision and micro-slip friction between particles and cavity walls, without severe
particle jumping or extrusion deformation. To balance numerical calculation accuracy and
computational efficiency, this work simplifies the classical discrete element method
(DEM) based on the micro-vibration mechanical characteristics, and proposes a refined
DEM model suitable for low-frequency micro-vibration scenarios. The core modeling
assumptions are summarized as follows:

1. The contact deformation between particles and cavity walls is far smaller than the
particle characteristic size, and only elastic contact occurs without plastic
deformation or damage;

2. All particle contacts are weak elastic collisions, and contact creep and adhesion
effects under micro-amplitude excitation are neglected;

3. The damping cavity is rigidly connected to the cantilever actuator, realizing
synchronous micro-vibration without relative sliding displacement;

4. The cavity acceleration amplitude is much lower than gravitational acceleration, and
particle agglomeration and large-scale sliding are not considered;

5. Only translational and rotational motion of particles are solved, and additional fluid
damping effects are ignored.

Based on the above assumptions, this paper introduces a micro-vibration contact
damping correction coefficient A,, to modify the traditional spring-damper contact
model. The particle damping energy transfer process under low-frequency excitation is
demonstrated in Figure 5, which intuitively characterizes the micro-scale contact
mechanism involving four core mechanical parameters: k, represents the normal contact
stiffness, ¢, denotes the micro-vibration normal contact damping, k; represents the
tangential contact stiffness, and c;, denotes the micro-vibration tangential contact
damping. Different from conventional macro-vibration contact damping parameters,
Am € (0,1] is adopted to characterize the attenuation effect of micro-amplitude excitation
on contact energy dissipation. The corrected normal and tangential damping forces are
embedded in the contact mechanical model, which improves the model’s representation
of the actual micro-vibration working conditions.

Slender cantilever positioning
Ve . mechanism

¢

Figure 5. Micro-contact and energy transfer mechanism of particle damping under low-frequency

micro-vibration.
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At any instantaneous time t, the coupled translational and rotational governing
equations of a single particle i are constructed as follows:

M) = mig + ) (F(O.(6) + FOLB) =m0 @
j

Lin(®) = ) (1(0) X Fo(EO)) - T )

J

where #(t) and ;(t) denote the instantaneous translational acceleration and angular
acceleration of particle i, respectively; F,(t) and F.(t) are the instantaneous normal and
tangential contact forces between particle i and particle j (or the cavity wall), respectively.
n(t), t(t) and r(t) are the instantaneous unit normal vector, instantaneous unit
tangential vector, and instantaneous position vector from the centroid to the contact point
at the particle contact point, respectively. #,(t) is the instantaneous micro-vibration
acceleration of the damping cavity, and 7,, is the micro-vibration rotational correction
coefficient (1,, € [0.05,0.2]) for weak contact motion.

The contact force is decomposed into normal and tangential components. The normal
contact adopts a classical linear spring-damper model, which is suitable for weak elastic
contact under micro-vibration:

F(8) = —kn6p (D) — Ll s (8) (6)

where 6,(t) is the normal contact overlap, v,(t) is the normal relative velocity, k,, is
the normal contact stiffness determined by material and geometric parameters, 7, is the
normal damping coefficient, and 4,, denotes the micro-vibration damping correction
coefficient used for weak-contact damping modification under low-amplitude excitation.

For equal-diameter particles with identical material, the particle-particle normal

contact stiffness is derived based on the Hertz contact theory:
kPP = _E 2R6 )
T 3(1-v?) n
Considering the spherical-concave cylindrical contact feature between particles and
the cylindrical damper cavity, a corrected particle-wall contact stiffness model is adopted
to improve calculation accuracy:
—v5i 1-v: _. | RyR.
E, | E " 2RC—Rp6" ®)

1
ke = 2(

where v,, v, are the Poisson’s ratios of particles and damper cavity; E,, E. are the
corresponding elastic moduli; R, and R, represent the particle radius and cavity inner
radius, respectively.

The normal damping coefficient is determined by the material recovery coefficient,
equivalent contact mass, and normal stiffness, which is universally applicable to micro-
impact damping calculation:

_2 [ |Ine|

NMn = \[ nMeq \W (9)
where e is the material recovery coefficient and m,, is the equivalent contact mass of the
contact pair.

Under low-frequency micro-vibration conditions, the tangential contact behavior is
dominated by micro-slip friction and follows the corrected Coulomb friction criterion. The
tangential contact force is constrained by both elastic tangential stiffness and maximum
static friction force:

Fe(t) = min(k 8¢ (t) + Amneve(t), uF,(8)) (10)

where k, and §,(t) are the tangential contact stiffness and tangential deformation; 7,
is the tangential damping coefficient, which takes n, =7, for micro-vibration weak
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contact; ¢ is the sliding friction coefficient of the contact interface. 4, is the micro-
vibration damping correction coefficient matching low-frequency micro-vibration
working conditions.

It should be noted that the micro-vibration normal contact damping c,,, illustrated
in Figure 5 corresponds to the corrected damping term A,,n, in Equation (6), i.e., ¢y =
AmNn, Where 7, is the conventional normal damping coefficient calculated by Equation
(9). The same relationship holds for the tangential direction: ¢y, = Ay1¢.

The quantitative relationship between tangential and normal contact stiffness is
distinguished according to whether the contact materials are consistent, which improves
the physical rationality of the model:

( 1—-v .
1ke/ky = — Same material
4 - 71/2 , (11)
| A=vD)/Ei+(A—-v3)/E;, 1 . .
ki /k, = -—, Different material
/" = G B+ G v /B, 2

3.3. Multi-Mechanism Energy Dissipation Mechanism Analysis Under Micro-Vibration

Different from conventional macro-vibration particle damping dominated by
collision energy consumption, the low-frequency micro-vibration of slender cantilever
precision actuators features weak excitation and small deformation. The system energy
dissipation is jointly dominated by micro-slip friction and quasi-static hysteresis
extrusion, while micro-collision energy consumption accounts for a relatively small
proportion. This section quantitatively establishes the energy dissipation models of three
mechanisms to realize full-component decomposition of damping energy consumption.

1. Particles and cavity walls maintain continuous contact under micro-vibration, and
relative micro-slip occurs during periodic vibration, producing friction energy
dissipation. The friction energy consumption of particle-particle and particle-wall
contact pairs is expressed as:

Efricy = tpp - FYP - ||vf?|| - At,Particle-Particle b

{Eﬁicz = ppw - FPY - ||vf"|| - At,Particle-Wall (12)

where u,, and u,, are friction coefficients of particle-particle and particle-wall

interfaces; ||v;]| - At denotes the tangential micro-slip displacement within a single
time step.

2. The particle packing body undergoes periodic compression and release under micro-
vibration excitation, forming a force-displacement hysteresis loop. The enclosed area
of the hysteresis loop corresponds to the quasi-static extrusion dissipation energy in
one vibration cycle:

2

a+ 1ax

Epyse = 2F, - A (13)

where F, is the equivalent Coulomb extrusion force, 4,4, is the maximum normal
relative deformation of the particle group, and « is the nonlinear exponent
characterizing the stiffness hardening behavior of the particle system.

3. Although the excitation amplitude is small, local particles still produce micro-
amplitude bouncing and weak collisions. The energy dissipation of single normal
collision is calculated by the recovery coefficient method:

'rE _ mym;(1 — epy,)
4 collt 2(m; + my)
my,(1—epy) _
2

- (vPP)?, Particle — Particle
(14)

IkEconz = vP")?2, Particle — Wall
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where ey, and e,, are the recovery coefficients of particle-particle and particle-
wall collisions; v, is the normal relative velocity before collision.

By superposing the three types of energy dissipation components, the total energy
dissipation of the particle damping system in the micro-vibration environment can be
obtained:

E= ZEfricl + ZEfricz + ZEhyst + YEcour + XEcouz (15)

The established multi-mechanism energy dissipation model can accurately describe
the dominant damping characteristics of particle dampers under low-frequency micro-
vibration conditions, contributing to addressing the limitation that traditional
macroscopic particle damping models are inapplicable to precision actuator micro-
vibration scenarios, and providing a theoretical framework for subsequent parametric
analysis and damping performance optimization.

4. Determination and Optimization of Key Particle Damper Parameters

The damping performance of particle dampers is highly sensitive to structural and
physical parameters, which directly determine the micro-energy dissipation efficiency
and low-frequency vibration suppression capability for precision actuation systems. On
the basis of the refined micro-vibration coupling dynamic model established in Section 3,
this section conducts systematic parametric simulation analysis to clarify the influence
mechanism of critical particle parameters on the dynamic damping effect. The optimal
parameter configuration is determined to realize targeted low-frequency micro-vibration
attenuation of slender cantilever precision positioning actuators, providing a feasible
design basis for the engineering application of particle damping in high-precision
positioning equipment.

Before proceeding with the systematic parameter optimization, it is essential to
clarify the boundary conditions of the design variables. While the number of partitioned
chambers significantly influences the spatial distribution and collision frequency of the
internal particles, it is treated as a pre-determined structural constant rather than an
optimization variable in this section. The specific number of partitions was strategically
pre-configured based on the macroscopic geometric boundaries of the actuator’s terminal
cavity. This structural configuration was designed to strike a necessary physical balance:
preventing severe gravity-induced agglomeration through sufficient
compartmentalization, while ensuring that each localized chamber retains adequate
spatial stroke for the discrete particles to accelerate and execute effective inelastic
collisions. Consequently, with the macroscopic structural framework of the partitioned
damper firmly established, the subsequent optimization process exclusively focuses on
the internal granular state parameters—namely, the particle diameter and the filling
rate—to maximize the steady-state energy dissipation efficiency.

In this study, stainless steel particles are selected as the damping medium for the
micro-vibration suppression scenario of precision cantilever actuators. Compared with
conventional damping materials such as ceramic and tungsten alloy, stainless steel
features high density, excellent surface wear resistance, oxidation resistance, and
corrosion resistance. Under the same volumetric filling condition, the high-density
characteristic provides greater inertial impact force for particle groups, which effectively
enhances micro-collision and friction energy dissipation under weak low-frequency
excitation. Meanwhile, stainless steel particles possess outstanding mechanical stability
and cost economy, making them a suitable damping medium for passive vibration control
of slender precision positioning mechanisms.

The stainless steel particles used in this study are 304 austenitic stainless steel, with
the following material parameters adopted in all DEM simulations: density of 7.93 g/cm?,
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elastic modulus of 196 GPa, and Poisson’s ratio of 0.29. The damper cavity is made of 6061
aluminum alloy (density of 2.7 g/cm?, elastic modulus of 69 GPa, and Poisson’s ratio of
0.33), consistent with the cantilever actuator material.

The finite element model of the slender cantilever precision positioning actuator is
imported into the discrete element simulation platform. To ensure the accuracy of micro-
contact dynamic simulation, the interfacial contact mechanical parameters are calibrated
and set as follows: the particle—particle recovery coefficient, static friction coefficient, and
rolling friction coefficient are 0.5, 0.48, and 0.05, respectively; the particle-cavity wall
recovery coefficient, static friction coefficient, and rolling friction coefficient are 0.45, 0.5,
and 0.08, respectively. A particle generation factory is established inside the partitioned
damper cavity to achieve uniform particle filling and authentic particle motion state
simulation.

Through experimental calibration against free-decay responses of the cantilever
prototype under 30 Hz micro-vibration excitation, the micro-vibration correction
coefficients are determined as A, = 0.35 for normal/tangential contact damping and
Nm = 0.10 for rotational contact. These values remain constant throughout all parametric
simulations.

These values were determined through parameter calibration against experimental
free-decay test data of the cantilever prototype under 30 Hz micro-vibration excitation.
The correction coefficient 4, accounts for the reduced energy dissipation efficiency of
contact damping under micro-amplitude weak-collision conditions, while 1,
characterizes the weak rotational momentum transfer under micro-slip contact. Both
parameters were kept constant across all parametric simulations to ensure comparability.

Specifically, the sensitivity analysis reveals that while a 15% variation in 4, and a
20% variation in 7,, induce proportional shifts in the absolute magnitude of total energy
dissipation, they do not alter the underlying nonlinear dynamic trends of the system.
Furthermore, the structural damping performance exhibits greater sensitivity to 4,, than
to 7,,. This aligns with the underlying physical mechanisms, as 4,, directly modulates
the primary contact damping forces, whereas 7, only governs the secondary rotational
momentum transfer. The identified coefficient values ( 4,, = 0.35, n,, = 0.10) serve as the
optimal calibration baseline that most accurately reproduces the experimental free-decay
responses. Ultimately, this moderate parameter sensitivity ensures that slight numerical
deviations in the correction coefficients do not compromise the validity of the established
parametric laws or the conclusions regarding the optimal damping configuration.

To reproduce the actual service environment of precision positioning actuators, real
environmental low-frequency micro-vibration is adopted as the excitation input. The
model is subjected to continuous sinusoidal excitation along the Y-axis, with a set
acceleration amplitude of 0.096 mm/s?> and a dominant excitation frequency of 30 Hz,
which covers the typical low-frequency micro-vibration working band of the cantilever
precision positioning system.

4.1. Particle Damping Performance Analysis Under Different Particle Sizes

Particle size is one of the key design parameters affecting the nonlinear energy
dissipation characteristics of particle dampers. The particle diameter comprehensively
determines the inertial mass of individual particles, the internal contact frequency of the
particle group, collision intensity, and overall flow motion state. Especially under ultra-
low amplitude micro-vibration conditions, the scaling effect of particle size significantly
changes the ratio between surface adhesion force and inertial force, thereby directly
dominating the micro-energy dissipation behavior of particle systems. In this section, the
damper is installed at the terminal sensitive vibration response area of the cantilever
actuator to investigate the vibration suppression performance of different particle sizes
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under a fixed volumetric filling ratio of 70%. Eight groups of typical particle diameters are
selected for comparative simulation, including 0.5 mm, 0.7 mm, 0.8 mm, 1.0 mm, 1.4 mm,
1.5 mm, 1.8 mm, and 2.0 mm. The overall simulation model and particle filling
morphology under partial particle size conditions are displayed in Figure 6.

" — —
D=1.4mm D=1.8mm

Figure 6. Simulation model and partial particle size filling diagram.

The energy dissipation results of particle dampers with different particle sizes are
summarized in Figure 7. The simulation results indicate an obvious nonlinear unimodal
correlation between particle size and system energy consumption. Due to the small mass
of fine particles, their inertial force is insufficient to overcome the inter-particle friction
and geometric interlocking under low-amplitude excitation. This leads to a jamming effect
where particles move as a cluster rather than individually, limiting relative sliding and
collision, and resulting in insufficient energy dissipation and poor damping performance.
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Figure 7. Single-cycle energy dissipation performance of particle dampers with varying particle
sizes.
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With the gradual increase in particle diameter, the inertial force of individual
particles increases significantly, which reduces the adhesion clustering effect. The internal
particle collision frequency and micro-slip friction degree are improved, and the overall
energy dissipation efficiency of the damper is continuously enhanced. However, when
the particle size exceeds the optimal threshold, the total number of particles in the limited
cavity decreases sharply, leading to a substantial reduction in cumulative collision times
and friction contact area. Although the single-particle collision energy increases, the total
system energy consumption declines. The corresponding single-cycle energy dissipation
values for different particle sizes are listed in Table 3.

Table 3. Energy dissipation table of dampers with different particle sizes.

Particle Sizes (mm) Energy Consumption (x10-¢J)
0.5 1.068
0.7 1.092
0.8 1.285
1.0 1.365
1.2 1.577
14 1.742
1.5 1.598
1.8 1.412
2.0 1.195

It can be concluded that the damping energy consumption increases first and then
decreases with the growth of particle size, presenting a typical unimodal nonlinear
variation law. There exists an optimal particle size that maximizes the micro-vibration
energy dissipation capacity of the damping system. For the slender cantilever precision
positioning actuator and partitioned damper configuration proposed in this study, the
particle diameter of 1.4 mm achieves the optimal damping performance, with a maximum
single-cycle total energy consumption of 1.742 x 10 J. This parameter provides the core
optimal size basis for the subsequent design and experimental verification of particle
dampers for low-frequency micro-vibration suppression of precision actuators.

4.2. Particle Damping Performance Under Different Particle Filling Ratios

The particle filling ratio, defined as the volumetric ratio of particle damping media
to the effective damper cavity volume, is a critical structural parameter that governs the
particle packing state, internal contact network, and overall damping mass of particle
dampers. Variations in filling ratio directly alter the particle collision frequency and
micro-slip friction conditions under low-frequency micro-vibration excitation,
significantly affecting the passive energy dissipation capacity and vibration suppression
performance of precision actuator damping systems. Based on the optimal particle size of
1.4 mm determined in the previous section, a two-stage parametric simulation strategy
combining wide-range traversal and local refined optimization is adopted to explore the
optimal filling ratio configuration for low-frequency micro-vibration suppression.

4.2.1. Wide-Range Traversal Analysis of Filling Ratio

To clarify the overall variation law of damping performance with filling ratio, four
typical filling ratios of 65%, 75%, 85%, and 95% are selected for wide-range simulation
traversal. Consistent low-frequency sinusoidal micro-vibration excitation is adopted as
the system input to ensure the credibility and comparability of simulation results. The
single-cycle energy dissipation values corresponding to different filling ratios are
summarized in Table 4.
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Table 4. Energy consumption of filling rate wide range search.

Filling Rate Energy Consumption (x10-¢ J)
65% 1.58
75% 1.67
85% 2.01
95% 2.13

The simulation results indicate that the energy dissipation capacity of the particle
damper increases monotonically with the rising filling ratio within the tested wide range.
The maximum energy consumption is achieved at the filling ratio of 95%. From the
perspective of micro-mechanism evolution, a low filling ratio corresponds to sparse
particle distribution and large internal gaps in the cavity, resulting in insufficient particle
contact and limited micro-energy dissipation. With the increase in filling ratio, particles
gradually transform from a discrete sparse state to a dense packing state. Under weak
low-frequency micro-vibration excitation, abundant relative micro-slip and slight local
collisions occur between particle groups, which activate the friction and collision energy
dissipation mechanisms. Nevertheless, the growth rate of energy dissipation gradually
slows down with the continuous increase in filling ratio, presenting an obvious saturation
trend, indicating that increasing the filling ratio beyond a certain point yields diminishing
returns in terms of damping performance. To capture the optimal filling ratio with the
highest damping efficiency, local refined optimization is carried out near the high-
efficiency filling interval obtained from wide-range traversal.

4.2.2. Local Refined Optimization of Optimal Filling Ratio

To further pinpoint the optimal filling ratio for low-frequency micro-vibration
damping, five refined gradient filling ratios of 90%, 92%, 94%, 96%, and 98% are selected
for comparative simulation, with the particle size fixed at 1.4 mm and the excitation
conditions kept consistent. The particle distribution morphologies and internal motion
energy characteristics under different filling ratios are illustrated in Figure 8. The internal
tangential force distribution cloud diagram intuitively reveals the microscopic contact
mechanical behavior, spatial contact network evolution, and force transmission path of
the particle damping system under varying packing densities.

75% 85% 95%

Moving particle Tangential force vector nephogram

Figure 8. Diagram of different filling rates and particle motion energy.

Combined with the discrete element calculation results of energy dissipation under
refined filling ratio gradients presented in Figure 9, the microscopic mechanism by which
the filling ratio affects damping performance is further clarified. Within the limited
confined volume of the damper cavity, a moderate increase in filling ratio can enrich the
particle contact network, improve the frequency of particle-particle and particle-wall
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micro-collisions and micro-slips, and thus enhance the overall energy dissipation
efficiency. However, an excessively high filling ratio will lead to over-dense particle
packing, reduce the effective particle motion space, and result in rigid overall particle
motion. In this case, the relative micro-slip and collision behaviors are significantly
inhibited, which instead weakens the damping energy dissipation capacity.
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Figure 9. Energy consumption diagram for different filling rates.

The refined simulation results demonstrate that the particle damper achieves the
optimal low-frequency micro-vibration energy dissipation performance at a filling ratio
of 92%, with a maximum single-cycle energy consumption of 2.23 x 10-¢ J. This optimal
filling ratio realizes the best balance between particle contact density and effective motion
space, maximizing the micro-energy dissipation efficiency of the damping system for
precision cantilever actuator micro-vibration suppression.

4.3. Coupling Correlation Analysis of Particle Size and Filling Ratio

The above single-variable analysis clarifies the independent influence mechanism of
particle size and filling ratio on the nonlinear energy dissipation characteristics of particle
dampers under low-frequency micro-vibration conditions, and obtains the optimal single-
parameter intervals. However, in practical engineering applications of precision actuator
damping design, the two key parameters are not independent of each other. The particle
size determines the basic unit scale of the damping medium, while the filling ratio restricts
the packing compactness and effective motion margin of particle groups in the confined
cavity. There exists a strong coupling correlation between them, which jointly dominates
the overall contact state and energy dissipation efficiency of the particle damping system.
Therefore, exploring the coupling matching law of particle size and filling ratio is
important for determining an effective damping configuration for slender cantilever
precision positioning actuators.

In this section, a multi-parameter coupling simulation test is carried out with
consistent model settings and micro-vibration excitation conditions. Five typical particle
sizes (0.8 mm, 1.0 mm, 1.4 mm, 1.5 mm, 1.8 mm) and four high-efficiency filling ratios
(90%, 92%, 94%, 96%) are selected for cross-group simulation. The energy dissipation
performance of particle dampers under various coupling combinations of particle size and
filling ratio is comprehensively compared and visualized in Figure 10.
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Figure 10. Optimal solution for energy consumption of particle damper.

The coupling simulation results verify the existence of a unique optimal parameter
matching relationship for the particle damping system targeting low-frequency micro-
vibration suppression of precision cantilever actuators. The parameter combination of 1.4
mm particle size and 92% filling ratio achieves the maximum energy dissipation
efficiency, which is consistent with the optimal single-parameter results obtained from
independent variable analysis. Reasonable coupling matching of particle size and filling
ratio can configure favorable spatial motion conditions for particle groups, promote
micro-slip friction and inelastic collision energy dissipation behaviors, and avoid
insufficient contact caused by sparse packing or rigid motion caused by over-dense
packing.

This study confirms that customized parameter matching is required for particle
dampers applied to precision actuator micro-vibration suppression. Simply optimizing a
single parameter cannot maximize the damping performance. The established coupling
parameter optimization strategy offers a design approach for particle damping
configuration of slender cantilever precision positioning mechanisms, which contributes
to the practicability and engineering applicability of passive micro-vibration suppression
technology for high-precision actuation systems.

5. Experimental Verification of Vibration Suppression Performance for
Slender Cantilever Precision Positioning Mechanism

Numerical simulation and parametric analysis in the previous sections have clarified
the independent and coupling influence laws of particle size and filling ratio on the micro-
vibration energy dissipation performance of particle dampers, and preliminarily
determined the optimal parameter matching scheme. To further validate the validity of the
established dynamic model and the effectiveness of the optimized particle damping
vibration suppression method, experimental tests are carried out on the slender cantilever
precision positioning mechanism in this section. By comparing the vibration response
characteristics of the actuator before and after damping treatment under low-frequency
micro-vibration excitation, the actual vibration reduction performance of the particle
damper is quantitatively evaluated, which provides reliable experimental support for the
engineering application of particle damping technology in high-precision positioning
actuators.

The experimental prototype adopts a slender cantilever structure consistent with the
numerical model, with overall dimensions of 1500 x 100 x 150 mm, a wall thickness of 10
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mm, and 6061 aluminum alloy as the structural material. The low-frequency micro-
vibration excitation environment required for the test is realized by an SZ/ZD-LD six-
degree-of-freedom electromagnetic vibration test bench (Suzhou Shuozhou Technology
Co., Ltd., Suzhou, China). The vibration bench supports a frequency range of 1-600 Hz
and an amplitude adjustment range of 0-5 mm, which can reproduce the low-frequency
micro-excitation environment of precision actuators in actual service scenarios.

In this test, a 1A731E three-axis piezoelectric vibration sensor (Jiangsu Donghua
Testing Technology Co., Ltd., Jingjiang, China) is deployed to collect the terminal
vibration response of the cantilever positioning mechanism. The sensor exhibits favorable
low-frequency measurement performance, with an axial sensitivity of 10 mV/(m-s2) (23 +
5 °C), a wide frequency response range of 0.5-5000 Hz, and a high resolution of 0.0002 g.
The lightweight sensor structure (180 g) effectively avoids additional structural
interference on the precision cantilever mechanism, to ensure reliable micro-vibration test
data.

In the experiment, sinusoidal low-frequency micro-vibration excitation is applied
along the dominant Y-direction of the cantilever actuator. The excitation acceleration
amplitude is set to 35 mm/s? with a vibration frequency of 30 Hz, which matches the
simulation excitation conditions. To ensure the reliability and reproducibility of the
measurements, each experimental condition was independently repeated five times (N =
5) under identical laboratory conditions. The structure was fully rested between
consecutive trials to eliminate any residual thermal or dynamic effects.

To guarantee the accuracy of the base excitation and address the absence of a real-
time closed-loop control on the shaker, a rigorous pre-test calibration procedure was
conducted prior to the formal experiments. The functional relationship between the input
drive voltage of the controller and the resulting base acceleration was carefully mapped
and verified using a reference accelerometer. During the actual tests, the shaker was
operated under these pre-calibrated settings, ensuring that a consistent base excitation
amplitude of 35 mm/s2 was accurately delivered to the cantilever structure.

The vibration response characteristics of the cantilever terminal are evaluated by the
root mean square (RMS) value of acceleration, which reflects the steady-state vibration
level and positioning stability of the precision actuator. The overall experimental layout,
fixed support mode, and sensor measuring point arrangement are illustrated in Figure 11.
The vibration transmission path of the test system follows: vibration test bench — fixed
base (A3) — cantilever extension section (A2) — terminal positioning end (Al).
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Figure 11. Integral fixed orientation and measuring points.
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5.1. Experimental Optimization and Verification of Optimal Particle Size

To quantitatively explore the influence of particle size on the low-frequency micro-
vibration suppression performance of particle dampers and verify the optimal particle
size obtained from numerical simulation, single-factor controlled variable experiments
are conducted in this section. The cantilever prototype is rigidly fixed on the vibration test
bench to ensure consistent excitation input. A total of eight groups of stainless steel
particles with typical diameters (0.5 mm, 0.7 mm, 0.8 mm, 1.0 mm, 1.4 mm, 1.5 mm, 1.8
mm, and 2.0 mm) are selected for comparative damping tests. The physical morphology
of stainless steel particles with different sizes is displayed in Figure 12.

0.5mm 0.7mm Imm

1.4mm 1.5mm 1.8mm 2mm

Figure 12. Particle diagram of stainless steel with different particle sizes.

To ensure the comparability of experimental results, the particle filling ratio is fixed
at 70% for all test groups. The unified particle filling mode and damper installation
position at the cantilever terminal sensitive vibration region are shown in Figure 13. The
terminal acceleration RMS values (presented as mean + standard deviation) and the
corresponding vibration damping rates under different particle size conditions are
summarized in Table 5.

Weight of empty Weight of 1.4mm, 1.4mm, 70% filling Installation of particle  Position of particle
damper (81.59) 70% filling (103.1g) particle damper damper damper

Figure 13. Particle filling mode and damper installation position.

Table 5. RMS value of acceleration (Mean + SD) with or without damping.

Working Condition Y-Direction RMS/(mm/s?) Damping Results
No damper 45.64 +0.36 —
Particle size (0.5 mm) 33.45+0.28 26.71%
Particle size (0.7 mm) 31.62+0.31 30.72%
Particle size (0.8 mm) 30.27 +0.24 33.68%
Particle size (1.0 mm) 27.01+£0.22 40.82%
Particle size (1.4 mm) 21.92+0.16 51.97%
Particle size (1.5 mm) 22.68 £0.21 50.31%
Particle size (1.8 mm) 26.35+0.23 42.27%
Particle size (2.0 mm) 31.36 +0.26 31.29%
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The experimental results indicate that the particle size exhibits a significant unimodal
nonlinear effect on the damping performance of precision cantilever actuators. With the
particle size increasing from 0.5 mm to 1.4 mm, the micro-collision and micro-slip friction
behaviors inside the damper are fully activated, the system energy dissipation capacity is
continuously improved, and the terminal micro-vibration suppression effect is gradually
optimized. The optimal damping performance is achieved at the particle size of 1.4 mm,
with a maximum vibration attenuation rate of 51.97% in the main vibration direction,
which suppresses the low-frequency positioning vibration of the precision actuator.

When the particle size exceeds 1.4 mm, the limited cavity volume leads to a sharp
reduction in the number of particles and contact pairs, resulting in decreased friction
collision efficiency and weakened overall damping performance. The vibration
attenuation rate decreases significantly with the further increase in particle size. The
comparison between experimental damping characteristics and numerical simulation
energy consumption results is presented in Figure 14, where the left axis represents the
single-cycle energy loss and the right axis denotes the actual vibration damping rate.

The experimental vibration damping curve exhibits a trend highly consistent with
the simulated energy consumption curve, thereby substantiating the validity of the
proposed dynamic model. To quantitatively assess this agreement, the Pearson
correlation coefficient r between the simulated total energy consumption and the
experimental damping effect was calculated. The analysis yields r = 0.981, indicating a
highly significant positive correlation. Consequently, both simulation and experimental
results confirm that a particle size of 1.4 mm is optimal for the designed partitioned
particle damper, effectively enabling low-frequency micro-vibration suppression in
slender cantilever precision positioning mechanisms.
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T
IS
S
Damping effect(%)-Experiment

0.5 —

4

0 T T
0.5 0.7 08 1 14
Particle size(mm)

Figure 14. Figure of experimental and simulation data.
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5.2. Experimental Optimization and Verification of Optimal Particle Filling Ratio

Based on the determined optimal particle size of 1.4 mm, this section further explores
the influence of particle filling ratio on the low-frequency micro-vibration suppression
performance of particle dampers through controlled variable experiments. To guarantee
experimental consistency, all test conditions and sinusoidal micro-vibration excitation
parameters remain identical to the previous particle size tests. Five refined filling ratio
gradients of 90%, 92%, 94%, 96%, and 98% are selected for comparative damping
experiments, and the terminal acceleration RMS values (presented as mean * standard
deviation) of the cantilever actuator under different filling ratios are statistically analyzed
to quantify the damping performance variation, as listed in Table 6.

Table 6. RMS value of acceleration (Mean + SD) with or without damping.

Working Condition Y- Direction RMS/(mm/s?) Damping Results
No damper 44.83 £ 0.34 —
Filling rate (90%) 17.15+£0.14 61.74%
Filling rate (92%) 16.48 +0.07 63.24%
Filling rate (94%) 17.55+0.15 60.85%
Filling rate (96%) 18.60 £ 0.17 58.51%
Filling rate (98%) 20.46 +£0.19 54.36%

The experimental results reveal a distinct nonlinear variation law between filling
ratio and damping performance. Among all tested groups, the particle damper with a 92%
filling ratio exhibits the optimal low-frequency micro-vibration suppression capability,
achieving a maximum vibration damping rate of 63.24% in the dominant Y-direction. This
phenomenon is attributed to the optimal matching between particle packing density and
effective motion space under this filling ratio, which activates micro-slip friction and weak
collision energy dissipation of particle groups. In contrast, insufficient filling leads to
sparse particle distribution and inadequate contact energy dissipation, while excessive
filling causes over-compaction of particle groups, restricts relative microscopic motion,
and significantly weakens the damping effect.

The comprehensive comparison of numerical simulation energy dissipation
predictions and experimental damping results under different filling ratios is illustrated
in Figure 15, where the simulated energy dissipation values and measured vibration
reduction efficiencies present highly consistent variation trends and identical optimal
parameter positions. Quantitative analysis yields a Pearson correlation coefficient of r =
0.998 between the simulated and experimental datasets. The good quantitative
agreement between simulation and experimental data further supports the validity of the
micro-vibration damping mechanism model and the rationality of the filling ratio
optimization strategy.
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Figure 15. Comparison between experiment and simulation under different filling rates.

5.3. Coupling Parameter Verification and Optimal Damping Configuration Determination

The vibration suppression performance of particle dampers is determined by the
coupled interaction of multiple structural parameters, rather than the independent action
of a single variable. The above single-factor tests have clarified the optimal individual
values of particle size and filling ratio. To further explore the multi-parameter coupling
mechanism and obtain the best-performing damping configuration within the tested
parameter space for precision cantilever actuators, cross-coupling experimental tests are
carried out in this section. Five typical particle sizes (0.8 mm, 1.0 mm, 1.4 mm, 1.5 mm, 1.8
mm) and four high-efficiency filling ratios (90%, 92%, 94%, 96%) are selected for combined
parameter testing under consistent micro-vibration excitation conditions.

To quantitatively compare the experimental damping performance with the
numerical DEM predictions in the same physical dimension (J), the experimentally
measured terminal acceleration was converted into the equivalent energy consumption
per cycle. Under the 30 Hz steady-state harmonic excitation, the dynamic response of the
slender cantilever actuator is dominated by a single frequency. Consequently, the steady-
state displacement amplitude X can be derived from the measured acceleration
amplitude a and the excitation angular frequency w using the relationship X = a/w?.
Based on the principles of structural dynamics, the equivalent energy dissipated by the
particle damper within a single vibration cycle, E.,, was indirectly evaluated through
the structural equivalent modal parameters and the measured amplitude reduction. This
experimentally derived energy consumption provides a unified metric for evaluating the
cross-coupling effects of particle size and filling ratio, as illustrated in Figure 16.
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Figure 16. Experimentally derived energy consumption under different particle size and filling ratio
combinations.

Furthermore, a quantitative comparison reveals that the relative error between the
simulated energy consumption and the experimentally derived equivalent energy
consumption under the optimal configuration (1.4 mm, 92%) is only 1.87%. This small
quantitative discrepancy directly verifies the prediction accuracy of the established
discrete element model.

The test results demonstrate that the coupling combination of 1.4 mm particle size
and 92% filling ratio achieves the maximum vibration attenuation rate of 63.24%, which
performed better than other tested combinations. When the filling ratio exceeds the
optimal threshold, excessive particle compaction limits the relative micro-motion of
particle groups, resulting in a sharp decline in damping efficiency. When the particle size
deviates from the optimal value, the dynamic balance between particle contact quantity
and collision friction efficiency is broken, which reduces the effectiveness of the micro-
energy dissipation advantage of the damping system.

To ensure full reproducibility and facilitate practical engineering evaluation of the
proposed damping system, the detailed physical parameters of the optimal particle
damper configuration (1.4 mm particle diameter, 92% filling ratio) are comprehensively
summarized in Table 7.

Table 7. Physical specifications of the optimal particle damper assembly.

Parameter Category Specific Parameter Value
Mass Distribution Empty Damper Cavity Mass 8l5g
Mass of Filled Particles (92% ratio) 286¢g
Total Added Mass to Actuator 110.1g
Discrete Properties Particle Material 304 Stainless Steel
Particle Diameter 1.4 mm
Total Particle Number ~2560

Combining single-factor optimization laws, multi-parameter coupling test results,
and repeated stability verification experiments, the most effective discrete parameter
configuration of the particle damper tailored for the slender cantilever precision
positioning mechanism is finally determined: a stainless steel particle size of 1.4 mm and
a filling ratio of 92%. This customized matching scheme realizes the optimal balance of
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particle contact density and motion margin, enhancing the low-frequency micro-vibration
energy dissipation efficiency of the damping system.

To rigorously distinguish the energy dissipation capability of the particle damper
from the passive mass-loading effect, a control experiment utilizing an “empty-damper”
configuration was conducted. In this control case, a solid aluminum slug with a mass
equivalent to the total mass of the particles in the optimized configuration (1.4 mm particle
size, 92% filling ratio) was rigidly fixed inside the damper cavity. This setup ensured that
the total mass added to the cantilever tip was identical to that of the particle-filled case,
thereby isolating the damping contribution derived solely from the added weight. The
vibration suppression performance of the empty-damper case was then compared with
the original structure (no damper) and the optimized particle damper under identical
excitation conditions (30 Hz sinusoidal vibration).

The quantitative comparison of the Root Mean Square (RMS) acceleration responses
is summarized in Table 8. The experimental results indicate that the empty-damper
configuration achieved a damping rate of only 8.0%, reducing the RMS acceleration from
44.83 mm/s? to 41.25 mm/s2. This marginal reduction is primarily attributed to the mass-
loading effect, which slightly shifts the system’s natural frequency away from the
excitation frequency. In stark contrast, the particle-filled damper demonstrated a
significantly superior performance, achieving a damping rate of 63.24% with an RMS
acceleration of 16.48 mm/s2.

The substantial discrepancy between the two configurations—specifically the
additional 55.24% reduction in vibration amplitude provided by the particle damper—
confirms that the primary suppression mechanism is not merely the added mass. Instead,
the results validate that the enhanced energy dissipation is driven by the nonlinear
interactions of the particles, including inter-particle collisions and friction against the
cavity walls. This comparative analysis conclusively separates the damping effect from
the mass-loading effect, verifying the efficiency of the proposed particle damping
mechanism.

Table 8. Comparison of vibration damping performance for different configurations.

Configuration RMS Acceleration (mm/s?)  Damping Rate (%)
No damper 44.83 —
Empty Damper (Mass Loading) 41.25 8.0%
Particle Damper (Optimized) 16.48 63.24%

To further quantitatively evaluate the transient vibration suppression effect of the
optimal damping configuration, time-domain vibration response tests are conducted
under 30 Hz fixed-frequency sinusoidal excitation consistent with actual environmental
micro-vibration characteristics. The time-domain acceleration response curves of the
cantilever terminal before and after damper installation are compared in Figure 17. It can
be intuitively observed that the optimal particle damper achieves significant suppression
of structural micro-vibration: the high-frequency violent oscillation components are
attenuated, and the terminal acceleration response is stably controlled within +30 mm)/s?
in most working cycles. Meanwhile, the peak acceleration of the precision actuator is
reduced by 67.5%.
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Figure 17. Time domain diagram of measuring points before and after damper installation.

The above time-domain test results confirm the favorable passive damping
performance of the optimized particle damper. Through efficient micro-collision and
micro-slip friction energy dissipation, the designed damper significantly attenuates the
transient dynamic response of the slender cantilever precision positioning mechanism,
contributing to the dynamic stability and positioning accuracy of the precision actuation
system under low-frequency micro-vibration interference.

5.4. Broadband Sweep Frequency Response Analysis Under Optimal Damping Parameters

In actual service scenarios, precision positioning actuators are usually subjected to
broadband variable-frequency micro-vibration interference, rather than single-frequency
excitation. To verify the broadband vibration suppression adaptability of the optimally
configured particle damper, this section conducts sweep frequency response tests within
a typical low-frequency vibration band of precision equipment. A continuous sinusoidal
sweep excitation ranging from 10 Hz to 500 Hz was applied to the cantilever mechanism
via the vibration test bench. To ensure the complete capture of the steady-state dynamic
response and eliminate transient errors, a linear sweep rate of 1 Hz/s was configured. The
excitation amplitude was maintained at a constant acceleration of 35 mm/s? across the
entire broad band. During data acquisition, the spectral signals were processed with a
frequency resolution of 0.5 Hz, and a linear averaging method (5 continuous spectral
averages) with a Hanning window was utilized to suppress random environmental noise.
Furthermore, to verify the repeatability of the dynamic testing, the full-band sweep
procedure was independently repeated three times, and the highly consistent averaged
frequency response curves were extracted to systematically analyze the wideband
vibration reduction characteristics of the damper.

The broadband sweep frequency response results are presented in Figure 18. The test
results indicate that the optimized particle damper exhibits stable vibration suppression
performance across the full frequency band of 10-100 Hz, achieving broadband micro-
vibration attenuation for precision cantilever actuators. With the increase in excitation
frequency, the damping efficiency presents a typical nonlinear variation trend of first
increasing and then decreasing.
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Figure 18. Broadband sweep response diagram under optimal damping parameters.

The maximum damping performance is achieved at the sweep frequency of 70 Hz,
which corresponds to the first-order natural frequency of the slender cantilever
positioning mechanism. Notably, this experimentally measured resonant frequency
closely matches the first-order natural frequency (70.892 Hz) predicted by the numerical
modal analysis, which strictly validates the high modeling accuracy of the theoretical
eigenvalue equations (Equations (1) and (2)) established in Section 2.1.

At this resonant frequency, the damping loss factor is 45.5% higher than that at 10
Hz, and the structural vibration amplitude attenuation rate reaches a peak value of 72%.
Under resonant excitation, the particle group produces synchronous strong resonant
response, which significantly increases the relative motion amplitude between particles
and cavity walls. The frequency and intensity of micro-collision, friction and extrusion
behaviors are stimulated, thereby maximizing the energy dissipation efficiency of the
particle damping system. The observed broadband and resonance suppression
performance further demonstrates the engineering applicability of the optimized particle
damper for dynamic performance improvement of precision positioning actuators.

Remarkably, the vibration response curve with the particle damper remains
consistently lower than the undamped curve across the entire 10-500 Hz bandwidth. The
damper not only suppresses the primary low-frequency resonance but also effectively
attenuates the structural response at the third-order high-frequency mode. No abnormal
vibration amplification or unexpected higher-harmonic peaks are generated outside the
10-100 Hz range. These results firmly confirm that the discrete nonlinear impact energy
generated under micro-vibration excitation is extremely weak and does not transfer
harmful impulsive energy to higher-order structural modes. Consequently, the optimized
particle damper exhibits excellent broadband stability and safety, proving its applicability
for precision actuation systems without inducing secondary high-frequency disturbances.

It should be noted that particle damping is inherently nonlinear, and its performance
is theoretically dependent on excitation frequency and amplitude. To verify the generality
of the identified optimal parameters (1.4 mm, 92%), additional comparative analyses were
conducted at representative frequencies including 20 Hz, 50 Hz, and 70 Hz (resonance).
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The results show that although the absolute damping efficiency varies with excitation
frequency, the relative ranking of different parameter combinations remains consistent
across the 10-100 Hz band. The 1.4 mm + 92% configuration consistently delivers superior
or near-optimal damping performance, indicating that the optimal matching is primarily
governed by the geometric packing and contact network characteristics within the
confined cavity, which are relatively insensitive to moderate frequency variations.

Regarding amplitude dependence, within the micro-vibration acceleration range
considered in this study (~0.1 mm/s?), the particle motion is dominated by micro-slip
friction and quasi-static hysteresis rather than large-amplitude bouncing. This friction-
dominated regime exhibits milder amplitude sensitivity compared with the collision-
dominated regime under strong excitation. The high filling ratio of 92% is particularly
adapted to such weak-excitation conditions by providing abundant contact interfaces for
frictional energy dissipation.

To quantitatively validate the improvement in the positioning accuracy of the
precision actuator, the measured acceleration responses are mathematically converted
into equivalent dynamic displacement amplitudes, serving as a direct metric for terminal
positioning errors. Under steady-state harmonic excitation, the dynamic displacement
amplitude D is derived via the kinematic relationship D = a/(2nf)?, where a denotes
the acceleration amplitude and f is the excitation frequency.

Based on this conversion, the inherent dynamic positioning error of the undamped
cantilever reaches approximately 1.26 pm under 30 Hz non-resonant excitation, and is
severely amplified to 36.24 um at the 70 Hz first-order resonance. These persistent micro-
scale vibrational displacements inherently deteriorate the aiming accuracy and
operational stability of the precision actuation system. Following the implementation of
the optimally configured particle damper (1.4 mm particle size, 92% filling ratio), the
positioning error under 30 Hz excitation is effectively suppressed to just 0.46 pm. More
significantly, at the critical resonant frequency, the maximum dynamic displacement is
dramatically attenuated from 36.24 um to 10.15 pm, corresponding to a peak vibration
reduction rate of 72.0%. Ultimately, this quantitative reduction in dynamic displacement
errors robustly substantiates the capability of the proposed passive particle damping
methodology to achieve effective low-frequency micro-vibration attenuation, thereby
fundamentally enhancing the terminal positioning accuracy and dynamic stability of
slender cantilever precision actuators.

To provide a comprehensive and consistent evaluation of the proposed particle
damper, the relationships among the three reported performance indices must be
explicitly clarified. These metrics characterize the damping efficiency from different
physical perspectives:

(1) The 63.24% RMS reduction evaluates the continuous dynamic stability of the
actuator. Derived from the steady-state 30 Hz harmonic test, it represents the
attenuation of the time-averaged vibration energy over operational cycles.

(2) The 67.5% peak reduction, extracted from the time-domain transient waveform,
defines the damper’s immediate capability to suppress the maximum instantaneous
shock amplitude under the same continuous excitation.

(3) The 72.0% amplitude attenuation serves as a frequency-domain metric, specifically
evaluating the maximum resonance suppression capability at the critical 70 Hz
natural frequency during the broadband sweep test.

Together, these three complementary indices confirm that the optimized particle
damper effectively mitigates instantaneous shocks, continuously reduces steady-state
vibration energy, and rigorously suppresses worst-case resonant amplifications.
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6. Conclusions

Aiming at the problem of low-frequency micro-vibration interference that restricts
the positioning accuracy and dynamic stability of slender cantilever precision positioning
actuators, this paper proposes an optimized particle damping passive vibration
suppression method. The enhancement of structural anti-vibration performance
contributes to suppressing environmental micro-vibration excitation responses and
enhances the operational stability of high-precision positioning mechanisms. The main
conclusions and innovative findings of this study are summarized as follows:

(1) A dynamic model of the slender cantilever precision positioning mechanism is
established, and the structural natural frequencies and mode shapes are obtained
through modal analysis. Based on the harmonic response and vibration transmission
path analysis, the vibration-sensitive area at the cantilever terminal is determined as
the optimal damper installation position, and the structural acceleration response
characteristics within the main vibration band are clarified, providing a theoretical
basis for the damper design.

(2) The parametric influence laws of particle dampers under low-frequency micro-
vibration are revealed. Both particle size (0.5-2.0 mm) and filling ratio (65-98%)
present a consistent unimodal variation trend for damping energy dissipation. Too
small or overly large particle sizes and unreasonable filling ratios will restrict particle
friction and collision behavior, reducing the damping efficiency. There exists a
unique optimal parameter combination to maximize the energy dissipation capacity
of the confined particle damper structure.

(3) Combined with numerical simulation and experimental verification, the best
performing damper parameters among the tested discrete groups are determined as
a 1.4 mm stainless steel particle size and 92% filling ratio. Compared with the original
structure without a damper, the optimized particle damper achieves a terminal
vibration damping rate of 63.24% and a peak acceleration attenuation of 67.5%. The
high consistency between simulation and experimental results supports the
reliability and effectiveness of the optimized damping scheme.

(4) The optimally configured particle damper possesses favorable broadband vibration
suppression performance in the frequency range of 10-100 Hz. The matched particle
size and filling ratio balance particle motion space and contact density, activating
micro-friction and collision energy dissipation. The damping performance peaks at
the structural resonant frequency of 70 Hz, achieving efficient resonance suppression.
This proposed method demonstrates good working adaptability, providing a
valuable technical reference for the practical engineering application of particle
damping in precision actuation systems.
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