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Abstract: Satellites experience complex vibrational environments during launch and operation,
potentially leading to structural failures and equipment damage. This work aimed to mitigate this
issue by designing a variable cross-sectional metal rubber isolator (VCMRI), which was fully
constructed from metal and featured a symmetric structure. Initially, a finite element model of
VCMRI was developed, incorporating symmetric boundary conditions and employing the
Bergstrom-Boyce model to define variable cross-sectional metal rubber (VCMR) parameters.
Subsequently, sinusoidal sweep tests were performed to investigate how variations in VCMR
density, spring stiffness, and excitation deflection angle affect the peak acceleration response and
natural frequency of VCMRI. Finally, simulation analyses were conducted and insertion loss was
derived from the results to assess the vibration isolation performance of VCMRI. The results indicate
that the finite element model accurately captures the dynamic behavior of VCMRI with minimal
error. In addition, VCMRI demonstrates robust vibration isolation performance by effectively
integrating the influences of VCMR density, spring stiffness, and excitation angle, achieving insertion
losses of up to 19.2 dB across a wide frequency range. It provides a robust theoretical support for the
design and performance optimization of isolation systems, with potential positive impacts on
relevant engineering applications.

Keywords: isolator; metal rubber; finite element model; sinusoidal sweep frequency; insertion loss

1. Introduction

The launch of satellite is intricate engineering endeavor [1]. From rocket ignition and ascent to
satellite separation and deployment, both the satellite and its onboard systems are subjected to highly
complex and extreme vibrational environments [2—4]. As a dynamic load, vibration poses significant
threat to the structural integrity, functional stability, and reliability of onboard electronic systems [5-
7]. Resonance effects during vibration may further exacerbate these risks, potentially leading to
launch failure or equipment malfunction.

To mitigate the effects of vibration on internal satellite equipment during launch and operation
[8-10], Chen et al. [11] developed circular metastructure isolators composed of simple beams,
reducing the isolation bandwidth by approximately 20 Hz. Kwon et al. [12] designed a compression-
type shape memory alloy (SMA) mesh washer isolator to reduce vibrations generated by mechanical
components during satellite operation. Chen et al. [13] proposed a dual-isolation structure to address
vibrations induced by optical satellite reaction wheels, extending the vibration transmission path and
improving high-frequency vibration attenuation. Lee et al. [14] introduced a corrugated tube isolator
filled with viscous fluid, effectively mitigating vibration interference during satellite operation.
However, while these approaches effectively suppress satellite vibration responses, their capacity to
isolate multi-directional vibration loads remains limited. This underscores the need for more robust
and versatile solutions to achieve effective multi-directional vibration control.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To overcome the limitations of satellite vibration isolation devices in mitigating multi-directional
vibrations, researchers have explored the development of multi-directional vibration isolation
technologies. Yin et al. [15] introduced a six-degree-of-freedom vibration isolation platform that
utilizes MnCu alloy springs. This platform, featuring low stiffness and high damping, effectively
mitigated low-frequency, small-amplitude vibrations in multiple directions. Wang et al. [16]
designed a multi-directional isolator integrating inertial elements, dampers, and springs. Luo et al.
[17] proposed a ring-shaped laminated constrained damping structure combining metal rings with
rubber, aiming to reduce multi-directional vibrations transmitted from satellites to optical equipment
Zhang et al. [18] developed an innovative multi-directional vibration isolation platform utilizing
magnetic levitation technology, which enabled active vibration isolation through coil current
regulation. This platform was integrated into the satellite control loop, employing control moment
gyroscopes (CMGs) as actuators. Fang et al. [19] proposed a Stewart-based multidirectional vibration
isolation platform powered by piezoelectric actuators, achieving high-precision positioning through
an analysis of the nonlinear hysteresis of piezoelectric ceramics. Zhang et al. [20] integrated a Stewart
six-degree-of-freedom vibration isolation platform with electromagnetic shunt damping, allowing
damping adjustments through internal circuit control to manage vibrations during large-angle,
multidirectional satellite attitude changes. Zhang et al. [21] further developed a multi-column multi-
directional vibration isolation platform, integrated vibration isolation system, tuned mass damper,
and rod structure inspired by the Stewart platform. Adjusting the number and coefficients of the
dampers effectively suppressed the vibration response of the satellite system. However, the primary
damping components in vibration isolation systems are predominantly made of materials such as
rubber, piezoelectric ceramics, and magnetorheological fluids. Their high sensitivity to magnetic
fields and extreme temperature fluctuations limits their suitability for the reliability and long-term
stability required in space missions.

Metal rubber (MR) is a porous metallic material that exhibits high-temperature resistance,
superior fatigue durability, and rubber-like elasticity and damping characteristics [21-23]. Its unique
porous structure enables effective absorption and dissipation of vibrational energy, making it suitable
for extreme environments such as high temperatures, vacuum conditions, and intense mechanical
vibrations. Liu et al. [22] developed a composite vibration damping structure that integrates metal
rubber with butterfly springs, achieving up to 95% vibration isolation efficiency. Ma et al. [23] and
their team optimized the structural parameters using a genetic algorithm, producing a metal rubber
isolator capable of achieving three-directional isolation efficiencies of up to 80% Du et al. [24] and
collaborators integrated metal rubber with a Stewart platform to create a fully metallic vibration
isolation platform, capable of operating in extreme conditions and mitigates three-axis vibrations
across a frequency range of 40-2000 Hz. Its future development potential remains significant from an
application perspective. Metal rubber is expected to retain high interest and widespread application
in vibration isolation and noise reduction materials.

To address the limitations of existing satellite interior vibration isolation systems in
multidirectional isolation and environmental adaptability, VCMRI was proposed by leveraging the
superior properties of metal rubber. First, the finite element model of VCMRI was constructed,
incorporating the Bergstrom-Boyce model to characterize the material properties of VCMR.
Experimental validation was conducted to ensure the reliability of the simulations. Second, sine
sweep tests were conducted to analyze the influence of the structural parameter variations on
vibration response. Finally, the simulation model was utilized to investigate the impact of these
parameter variations on vibration isolation performance.
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2. Structural Design of VCMRI and Fabrication of VCMR

2.1. Structural Design

To safeguard precision equipment in satellites during launch, a isolator incorporating variable
cross-sectional metal rubber (VCMR) was proposed. Engineered to withstand multidirectional loads
and complex operating conditions. Hybrid vibration mitigation approach is employed by VCMRI
through the integration of VCMR components with vibration isolation legs, as illustrated in Figure
1(a). A counterweight block is affixed to the base, serving as the platform for the protected precision
equipment. While the isolation legs are symmetrically arranged around the base at 60° intervals, each
incorporates a spring to provide stiffness support.
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Figure 1. Schematic diagram of VCMRI: (a) three-dimensional structure diagram, (b) the structure of VCMR, (c)

the vibration isolation legs.

As shown in Figure 1(b), each vibration isolation leg contains a spring as stiffness-supporting
element, connected to the VCMR component to ensure stability under vibrational loads. The VCMR
is designed to contact a cylindrical wall, with its outer surface curved to enhance conformity with the
positioning cylinder. Under applied loads, the contact area dynamically adjusts according to the load
magnitude, thereby enables displacement cushioning. This mechanism facilitates the conversion of
vibrational energy into thermal energy and subsequently dissipated. The primary structural
parameters of the designed VCMR are depicted in Figure 1(c).

2.2. Fabrication of VCMR

The VCMR was fabricated using metallic wire mesh as the primary raw material, the fabrication
process is shown in Figure 2. During the compression molding process, unprocessed metallic wire
mesh was prone to delamination. To mitigate this issue, slotting machine was employed to imprint
wave pattern onto the wire mesh, effectively reducing likelihood of delamination. Compressed wire
mesh was wound around mandrel at specific angle before being further compressed into the final
VCMR structure.
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Figure 2. Fabrication process of VCMR.

3. Methodologies
3.1. Construction of the Test Platform of Sine Sweep Frequency

To investigate the dynamic characteristics of VCMRI under excitations of varying frequencies,
sinusoidal sweep test platform was constructed as illustrated in Figure 3. VCMRI is mounted onto an
external connection plate through baseplate holes and secured to the test bench using anchor bolts.
The control system generates excitation signals to drive the electromagnetic exciter, transmitting the
sinusoidal force Fo to the counterweight block through an excitation rod. As depicted in Figure 4, an
accelerometer is attached to the counterweight block to measure the VCMRI'’s acceleration response,
while a force sensor on the excitation rod monitors transmitted force.
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Figure 3. [llustration of the test platform of Sine sweep frequency.
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Figure 4. Finite element simulation: (a) Boundary condition, (b) Bergstrém-Boyce model.

3.2. Analysis of Finite Element Simulation

To simplify simulation calculations, the internal springs within the vibration isolation legs were
replaced with virtual springs. As shown in Figure 4(a), the connected components were merged into
a single unit, omitting features such as fillets and connection holes to enhance computational
efficiency without compromising structural integrity. During the meshing process, local mesh
refinement was applied to the VCMR, while adhesive constraints were imposed between adjacent
parts. Fixed constraint is assigned to the base to ensure contact conditions accurately reflect actual
operating environment and excitation deflection angle between excitation force and vibration
isolation legs is set to ao.

3.2.1. Construction of the Macroscopic Constitutive Model for VCMR

Accurate parameter characterization of VCMR is critical for simulation analysis, as it
significantly influences the computational outcomes of vibration isolation structures. This work
employed the Bergstrom-Boyce constitutive model to describe macroscopic behavior of VCMR.
Widely used for characterizing viscoelastic properties of rubber and polymer materials, this model
effectively captures the mechanical response of materials under large deformations by integrating
both elastic and viscous characteristics.

As illustrated in Figure 4(b), the Bergstrom-Boyce model decomposes material’s mechanical
response into two parallel components. Component A represents the material’s elastic behavior and
is modeled using the Yeoh hyperelastic constitutive model, which characterizes recoverable
deformation under stress. Additionally, the Bergstrom-Boyce model accounts for the hysteresis
behavior observed during loading and unloading processes.

The mathematical representation of constitutive relationship is expressed as follows:

0=0,%0p (1)

Constitutive relationship of component A is characterized by the Yeoh hyperelastic model. The
constitutive equation of the Yeoh model is given as:

2k
Wyeon=Cio(I1-3)+Cap(I-3)+Cso(I3-3)+ XN, Dik (J-1) @)

where W represents the density of strain energy, while Cw, Cz and Cso are material constants,
represent the distinct mechanical properties.

The hysteresis material model describes the constitutive relationship for Component B as
follows:

ep=AlAg-1] 0 3)
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The parameters are defined as follows: ¢p represents the effective creep strain rate, A denotes
the material parameter, Ag-1 represents the nominal creep strain, C represents the creep strain
exponent, og represents the effective stress, m is the equivalent stress exponent. In addition, a
parameter S need be defined to represent the ratio of the stress experienced by components A and B.

The parameters of the Bergstrom-Boyce constitutive model for VCMR are determined by fitting
static curve data using the least squares method. This fitting process is conducted for VCMR densities
of 1.5, 2.0, and 2.5 g/cm3.The resulting parameter curves are shown in Figure 5 and the obtained
parameters are presented in the Table 1.

Experimental Fitting Density l
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24
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Figure 5. Fitting curves of VCMR with different densities.

Table 1. Parameters of Yeoh and Bergstrom-Boyce models at different densities.

Density of Yeoh Bergstrom-Boyce

VCMR C1o C2o Cso S A M C
1.5 g/cm? 12.507 2.189 1.184 13.048 6.064 1.471 -0.499
2.0 g/cm? 10.199 0.519 0.605 13.586 0.681 1.011 -0.509
2.5 g/cm? 33.838 1.975 3.835 13.989 0.013 1.505 -0.033

3.2.2. Modal Analysis

This study employed finite element simulation to conduct modal analysis of the VCMRI,
identifying its modal parameters. By analyzing both the VCMRI and the rigid structure without
VCMR and springs, the corresponding mode shapes for each natural frequency were obtained,
providing insight into the VCMRI 's dynamic response under excitation. Figure 6 presents the modal
shapes derived from finite element simulations, and the associated natural frequencies are
summarized in Table 2. The VCMRI configuration possesses a VCMR density of 2 g/cm? and a spring

stiffness of 150 kN/m.
(a) (b)
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Figure 6. Fourth mode of VCMRI: (a) First-order mode, (b) Second-order mode, (c) Third-order mode, (d) Fourth-

order mode.

Table 2. Natural Frequencies of VCMRI.

Frequency First Second Third Fourth
Rigid structure 759 Hz 223.5Hz 338.4 Hz 410.8 Hz
VCMRI 34.8 Hz 87.3Hz 160.8 Hz 2454 Hz

3.3. Characterization of Vibration Isolation Performance

Vibration isolation efficiency is a key metric for evaluating the performance of VCMR], as it
reflects the level of attenuation achieved. In this work, insertion loss is employed to characterize
isolation performance. Vibration isolation legs are assumed to exhibit a rigid response in the absence
of spring connections and without VCMR, while other cases are considered to demonstrate an elastic
response.

L=20lg( %) (4)

IL=L.-L, ®)

where L represents expressions for force transmissibility, the input force is denoted as F, and the
output force as Fo, IL is insertion loss, L and Le respectively represent the rigid response and elastic
response.

4. Results and Discussion
4.1. Validation of Simulation Model

Based on the natural frequencies and mode shapes obtained in the previous section, vibration
response of VCMRI is evaluated through harmonic response analysis. Under external vibration or
shock loading, the structural mass is primarily concentrated in the internal counterweight block,
leads to a relatively localized mass distribution. During the harmonic response analysis, a sinusoidal
excitation force (Fo) applied to the counterweight block within a specified frequency range. The
analysis set Fo to 10 N, ao to 0°, with the frequency range spans from 5 to 600 Hz. The density of
VCMR is specified as 2 g/cm?, and the material parameters are detailed in Table 1. Additionally,
virtual springs are used to replace the physical springs in the vibration isolation legs, with stiffness
values of 50, 100, and 150 kN/m. In the absence of springs, the stiffness is considered infinite, denoted
as «. The harmonic response analysis yielded the structural acceleration response and compared to
the results from sinusoidal sweep frequency tests.

Figure 7 presents a comparison between the acceleration response under 10 N excitation force
and the finite element simulation results. Simulated and experimental curves exhibited strong
consistency in terms of trend and key characteristics. Figure 8 illustrates the overall relative error
between the two curves, indicates that the differences were mainly concentrated in the low-frequency
range. When stiffness of the springs in the vibration isolation legs is e kN/m, the maximum relative
error reaches 11.4%. However, the overall error remained minimal. Figure 9 further demonstrates
that the relative error of the peak acceleration response does not exceed 7.1%, and the relative error
in natural frequencies stays below 9%. These results indicate that the actual dynamic characteristics
of the system is effectively captures by the finite element simulation method.
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4.2. Analysis and Discussion of Sine Sweep Frequency Experimental Results

In practical applications, various work conditions influence the performance of a vibration
isolation system. To examine the effects of different structural parameters, a single-variable control
method is adopted. In this experiment, spring stiffness is denoted as ko. Sinusoidal excitation
amplitude is denoted as Fo, and excited deflection angle is ao. Specific values of relevant parameters
are listed in Table 3.

Table 3. Parameters of the Test of Sine Sweep Frequency.

Spnz;gl\?/t;ff)ness Densztg/:;XCMR Excitation force (N)  Excitation angle
50 1.5 5 0°
100 2.0 10 15°
150 2.5 15 30°

4.2.1. Effect of Density Variation on the Performance of VCMRI

Variations in the density of VCMR significantly influence its load-bearing capacity and vibration
energy dissipation characteristics. Similarly, these variations also exert a strong effect on the system's
natural frequency and vibration transmission properties. In this work, VCMR specimens with
densities of 1.5, 2.0, and 2.5 g/cm? are selected for testing. During the experiment, Fo was set to 10 N,
and oo was set to 0°. Rigid metallic elements are used as control samples to replace the VCMR,
enabling a comparative analysis of the structural vibration response with and without VCMR.

Figure 10(a) depicts the acceleration response curve when rigid metallic components replaced
the VCMR. The results indicate a peak acceleration response of 9.2 g and a structural natural
frequency of 75.9 Hz. During the sine sweep frequency test, as excitation frequency approaches
natural frequency, both the acceleration response and the swinging amplitude of the counterweight
block increase significantly. The high stiffness of the metallic elements substantially enhanced overall
rigidity of VCMRI, thereby elevates its natural frequency due to their direct correlation. Moreover,
absence of elasticity and damping properties in metallic elements impair the system’s ability to
dissipate vibrational energy effectively. Consequently, resonance within the VCMRI leads to
accumulation of vibrational energy. At this stage, insufficient energy dissipation fails to
counterbalance the input energy, results in pronounced fluctuations in the acceleration response.
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Figure 10. Acceleration response curves: (a) rigid structure, (b) different VCMR densities.

As illustrated in Figure 10(b), increasing in density of VCMR leads to reduction in the natural
frequency of VCMRI. This decrease occurs because VCMRI becomes unstable at its natural frequency,
exhibits nonlinear behavior, larger displacement variations and altered dynamic properties, inducing
stiffness-softening effect. Consequently, the vibration mode becomes more complex, and the
relationship between stiffness and natural frequency deviates from linearity. Additionally, changes
in stiffness influence internal energy distribution during vibration, shifting energy concentration
toward low-frequency range. Although increasing the density of VCMR enhances overall stiffness of
VCMRYI, the instability caused by oscillatory effects ultimately reduces the natural frequency of
VCMRI

With the increasing density of VCMR, both peak acceleration response and natural frequency of
VCMRI decrease. This phenomenon can be attributed to the denser internal structure of VCMR,
because it results in more contact points and frictional interfaces, thereby increasing the overall
contact area. During vibration, these structural changes enhance internal dry friction and
significantly increase energy dissipation through friction.

Furthermore, metal wires within the VCMR undergo slight rearrangements during vibration,
forms new contact points or alters existing frictional interfaces. This dynamic reconfiguration
requires overcomes the frictional and adhesive forces at the original contact points, further
dissipating vibrational energy. Consequently, increasing the density of VCMR effectively reduces the
acceleration response of the VCMRI

4.2.2. Acceleration Response Analysis Under Evolution of Spring Stiffness

Stiffness of springs plays a critical role in determining load-bearing capacity and vibration
isolation performance of the vibration isolation legs. In this experiment, VCMR with a density of 2
g/cm? is used and the stiffness coefficient ko is set to 50, 100, 150, and e kN/m. The excitation forces
(Fo)are 5N, 10 N, and 15 N, with an excitation deflection angle ao of 0°. As shown in Figure 11, both
spring stiffness and excitation force significantly influence dynamic response of VCMRI. Specifically,
for a given excitation force, variations in spring stiffness alter overall structural rigidity and
potentially induce swinging instability during vibration. The dynamic behavior, vibration modes,
and energy distribution of VCMRI are significantly impacted by changes in stiffness. It causes a
nonlinear relationship between stiffness and natural frequency. Higher stiffness not only enhances
structural rigidity but also increases load-bearing capacity and reduces swinging instability. During
oscillation, higher stiffness reduces deformation amplitude and improves internal stability, thereby
decreases the acceleration response amplitude.
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Figure 11. Influence of excitation force variation on frequency response curve under different spring stiffnesses:
(a) 50 kN/m, (b) 100 kN/m, (c) 150 kN/m, (d) s> kN/m.

Table 4 illustrates the variation trends of peak acceleration response and natural frequency.
When spring stiffness remains constant, the peak acceleration response exhibits a positive correlation
with the excitation force Fo. However, increasing the excitation force reduces natural frequency of
VCMRI. This phenomenon arises because VCMR, as a nonlinear vibration isolation material, exhibits
both nonlinear stiffness and damping behavior during vibration. As the excitation force increases,
the contact area between the metal wires is significantly expanded and friction is intensified, thereby
damping effect of VCMR is enhanced. Furthermore, increased energy dissipation reduces energy
concentration within the resonance region, shifting the natural frequency to a lower range.

Table 4. Structural response of different excitation forces and spring stiffnesses.

Spring stiffness Acceleration response peak Natural frequency
(kN/m) 5N 10N 15N 5N 10N 15N
50 2.4 4.2 5.7 413 38.8 36.8
100 22 3.9 5.4 39.6 36.9 34.7
150 2.1 3.3 4.5 315 28.7 27.8
© 1.4 2.7 4.3 30.8 29.4 27.0

4.2.3. Acceleration Response Analysis Under Variation of Excitation Angles

The variation in ao significantly influences dynamic characteristics of VCMRI. This work
analyzes the changes in acceleration response for ao values of 0°, 15°, and 30°, with an excitation force
Fo of 10 N and spring stiffness values of 50, 100, 150, and e kN/m. Due to specific arrangement of the
vibration isolation legs, vibration response of the VCMRI varies with different excitation directions.
As illustrated in Figure 12(d), when the spring stiffness is e kN/m, variations in ao have negligible
effect on the stiffness along excitation force direction. Consequently, the peak acceleration response
and natural frequency exhibit minimal fluctuation.
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Figure 12. Influence of excitation angles change on frequency response curve with different spring stiffnesses:
(a) 50 kN/m (b) 100 kN/m (c) 150 kN/m (d) ® kN/m.

Conversely, Figures 12(a), (b), and (c) demonstrate that when springs are incorporated into the
vibration isolation legs, changes in ao significantly affect the acceleration response. This occurs
because equivalent stiffness along excitation force direction increases as ao increases. As depicted in
Table 5, an increase in stiffness decreases the natural frequency while simultaneously reduces the
peak acceleration. This phenomenon arises because swing instability contributes to a reduction in
natural frequency, whereas increases stiffness enhances structural stability and effectively mitigates
the rise in peak acceleration.

Table 5. Structural response of different angles and spring stiffnesses.

Spring stiffness Acceleration response peak Natural frequency
(kN/m) 0° 15° 30° 0° 15° 30°
50 4.2 3.7 2.4 38.8 35.4 33.2
100 3.9 3.1 2.3 36.9 34.5 32.8
150 3.3 21 1.6 28.7 26.8 24.6
© 2.7 2.8 2.8 29.4 29.6 29.1

4.3. Finite Element Analysis of VCMRI Performance
4.3.1. Effect of Different VCMR Densities on Vibration Isolation Performance of VCMRI

The reliability of the simulation model is validated in Section 4.1. Based on this, the verified
model is used in this section to investigate the influence of VCMR density variations on vibration
isolation performance. The vibration isolation legs are configured without springs, and the analysis
is conducted over a frequency range of 0-600 Hz, incorporating the VCMR material parameters
detailed in Table 1.

Figure 13(a) illustrates the output force and force transmissibility curves obtained from the
simulation results. In the absence of VCMR, the output force is significantly higher than in
configurations incorporating VCMR. When VCMR is present, an increase in density leads to a greater
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number of metal wires per unit volume, resulting in enhanced overall stiffness. This increase in
stiffness reduces system deformation and consequently decreases the amplitude of the output force.
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Figure 13. Frequency response of VCMRI under different spring stiffnesses: (a) output force, (b) force transfer

rate.

Figure 13(b) illustrates force transmissibility curves for different VCMR densities. Insertion loss
is determined from force transmissibility curve, with rigid structure serves as the reference for rigid
response. The corresponding insertion loss results are summarized in Table 6, revealing a positive
correlation between density of VCMR and average insertion loss. As density of VCMR increases, the
metal wire network becomes more compact, resulting in a higher number of contacts points and
significantly amplifying friction and interfacial sliding interactions. These contact points dissipate
greater amounts of vibrational energy through frictional and sliding mechanisms, thereby enhances
the damping effect. This characteristic effectively minimizes the energy transmitted from the
vibration input to the output, results in an increase in insertion loss.

Table 6. Force transfer rate of VCMRI with different densities of VCMR.

Density of VCMR Peak force Average force Insertion loss
(g/cm?) transmission rate (dB) transmission rate (dB) (dB)
Rigid 26.4 -6.5
1.5 17.6 -17.1 10.6
2.0 16.1 -19.2 12.7
2.5 14.8 -24.1 17.6

4.3.2. Effect of Different Stiffnesses on Vibration Isolation Performance of VCMRI

The applications of VCMRI must consider both contact density effects and the influence of
spring stiffness variations in the vibration isolation legs on vibration transmission. In present
simulation, an excitation force (Fo) of 10 N is applied with an excitation deflection angle (aw0) of 0°,
over a frequency range of 0-600 Hz, with density of VCMR set to 2 g/cm?. Spring stiffness of the
vibration isolation legs is varied among 50, 100, 150, and e kN/m. Figure 14 presents output force
and force transmission rate curves corresponding to different spring stiffness values.

When spring stiffness in the vibration isolation legs is = kN/m, vibration suppression relies
entirely on the inherent damping properties of the VCMR. However, when a spring is introduced, it
provides elastic support by storing and releasing vibrational energy, while the VCMR dissipates
vibration energy through its damping characteristics. Figure 14(a) illustrates that integrating VCMR
in series with the spring significantly reduces output force compared to using VCMR alone. Clear
negative correlation is observed between spring stiffness and output force.
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Figure 14. Frequency response of VCMRI under different spring stiffnesses: (a) output force, (b) force transfer
rate.

Table 7 presents average force transmission rate and insertion loss values derived from Figure
14(b). At spring stiffness of 150 kN/m, the VCMRI achieves its maximum insertion loss of 19.2 dB,
indicates optimal vibration isolation performance. This enhancement results from the synergistic
interaction between the spring and the VCMR in a series configuration. Spring stores vibrational
energy, which is then gradually dissipated by the VCMR, thereby reduces vibration amplitude.
Under constant input force, increasing spring stiffness reduces spring deformation, leads to greater
deformation of the VCMR. This, in turn, enlarges contact area between internal metal wires, enhances
frictional losses and vibration energy dissipation during periodic loading. As a result, vibration
transmission is effectively minimized.

Table 7. Force transfer rate of VCMRI with different spring stiffnesses.

Spring stiffness Peak force Average force Insertion loss (dB)
(kN/m) transmission rate (dB) transmission rate (dB)
50 14.1 -19.9 134
100 12.7 -23.2 16.7
150 11.9 -25.7 19.2
oo 16.1 -19.2 12.7

4.3.3 Effect of Different Excitation Angles on Isolation Performance of VCMRI

The vibration isolation legs are symmetrically arranged along circumference and maintain a 60°
angle between adjacent legs. In practical applications, evaluating influence of ao variations on
vibration isolation performance of VCMRI is crucial. This work analyzes the isolation performance
under excitation deflection angles (ao) of 0°, 15°, and 30°. Spring stiffness is fixed at 150 kN/m, with
VCMR density of 2 g/cm?, over the frequency range of 5-600 Hz.

Figure 15(a) illustrates negative correlation between ao and output force. When ao = 0°, vibration
is primarily concentrated in the vibration isolation legs aligned with excitation force direction. Under
these conditions, force transmitted through these legs is greater, results in higher output force after
being damped by VCMR. As ao increases, vibration is progressively distributed among the adjacent
legs, reducing transmitted force per leg and consequently decreasing the damped output force.


https://doi.org/10.20944/preprints202502.0730.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0730.v1

15 of 17

[o2}
o

N
o

N
o

Output force (N)
o

Force transmissibility (dB)

1

10 160 10 160
Frequency (Hz) Frequency (Hz)

Figure 15. Frequency response of the VCMRI at different excitation angles: (a) output force, (b) force
transmission rate.

Figure 15(b) demonstrates that for excitation frequencies below 10 Hz, the variation in @, has
negligible effect on the force transmission rate, as the curves nearly overlap and remain close to zero.
However, influence of a, on force transmission rate becomes increasingly pronounced as frequency
rises between 10-100 Hz range. As a, increases, changes in the internal force distribution and coupling
effects within the vibration isolation legs lead to reduction in force transmission rate, thereby
enhancing vibration isolation performance. When frequencies above 100 Hz, force transmission rate
declines sharply, demonstrating that VCMRI exhibits excellent vibration isolation performance
within the high-frequency range. The lowest average force transmission rate is observed at ao = 30°,
reflects optimal vibration isolation performance.

Table 8 presents the overall force transmission rate and insertion loss of the VCMRI for various
. As ao increases from 0° to 30°, both the peak and average force transmission rates decrease,
insertion loss increases. It indicates notable improvement in vibration isolation performance. This
enhancement occurs because higher ao alters the directionality of the excitation force, thereby
redistributes the transmitted forces among the vibration isolation legs. Consequently, dynamic
response variations between the legs are amplified and modifies coupling effects. Additionally, the
equivalent stiffness was enhanced with the increasing of ao. Along the excitation force direction, the
sway of structural instability is effectively suppressed., reducing the resonance peak amplitude and
shifting resonance frequency.

Table 8. Force transfer rate of VCMRI with different excitation forces.

L Peak force Average force .
Excitation force .. .. Insertion loss (dB)
transmission rate (dB) transmission rate (dB)
0° 11.9 -25.7 19.2
15° 10.3 -29.2 22.7
30° 9.0 -33.5 27.0

Moreover, the redistribution of vibration energy among the vibration isolation legs enhances the
damping characteristics of VCMR and further reduces vibration transmission intensity. As a result,
increasing ao effectively attenuates vibration transmission within the resonance region. It improves
high-frequency vibration isolation and significantly enhances the overall dynamic performance of
VCMRI

5. Conclusions

VCMRI was designed as a symmetrical structure specifically for space applications to protect
precision electronic equipment from vibration and shock during satellite launch. Its vibration
isolation performance was investigated through sine sweep tests and simulation analyses, revealing
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its dynamic characteristics and frequency response behavior. The key findings of this work are
summarized as follows:

(1) A Bergstrom-Boyce constitutive model for VCMR was developed. This model can be used to
simulate the vibration response of the VCMRI under sinusoidal excitation, and its reliability is
experimentally validated.

(2) The equivalent stiffness of VCMRI is significantly influence by the density of VCMR, spring
stiffness, and excitation angle. These parameters are directly proportional to equivalent stiffness.
However, swing instability effects reduce the natural frequency and peak acceleration response.

(3) Insertion loss shows a positive correlation with density of VCMR, spring stiffness, and
deflection angle. The increase in VCMR density enhances energy dissipation., while adding springs
in series enhanced isolation through effective energy storage and release. Larger o redistributed the
load among more legs and further elevating insertion loss and improving vibration attenuation.
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