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This study aims to elucidate the nonlinear characteristics (dynamic stiffness and damping) of a
thin-walled hallowed spherical rubber isolator subjected to harmonic excitations using harmonic
balance method (HBM). Firstly, harmonic excitation experiments with different loads and
different acceleration levels were carried out to test the softening effect of the spherical rubber
isolator. The dependence of the dynamic stiffness and damping of the spherical rubber isolator
on the displacement amplitude was established. Secondly, the Nth harmonic of the experi-
mental time signal was extracted, and the nonlinear contribution of the second and third
harmonics to the experimental results was verified. Finally, the simulations were performed and
the results were in line with the experimental results. Our study identifies that the nonlinear
model is feasible to predict the vibration characteristic of the thin-walled hallowed spherical
rubber isolation systems.

Keywords: Spherical rubber isolator; harmonic excitation; harmonic balance method (HBM);
dynamic stiffness; dynamic damping; frequency response function (FRF).

1. Introduction

In recent years, rubber materials with unique mechanical properties have been widely
used in various engineering fields, including space applications, sensors, bio-engi-
neering devices, robotics, and mechanical engineering, etc. Their wide application is
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due to their relative flexibility since they can withstand deformation up to several
hundreds and return to their original shape after stress release. This elastic property
facilitates their wide use as a flexible coupling between stiff components in various
constructions. They are often used in mechanical engineering as isolators, bushings,
bearings, etc. In view of the harshness of the aviation vibration environment,
vibration damage to electronic equipment can be inhibited on account of the special
dynamic characteristics of rubber materials. Rubber isolators also play a vital role in
some special occasions where metal isolators are not applicable with nonmagnetic
environments required.

However, despite the extensive use of rubber materials, knowledge about the
material properties is still lacking. Since rubber materials have very complex beha-
viors with generally nonlinear mechanical properties, it is necessary to focus on their
properties to improve performance about vibration and noise abatement. In the
traditional manner, nonlinear effects of the rubber need to be avoided in its working
range. However, if the effect of nonlinearity on the dynamic properties of rubber
materials can be fully understood, it is possible to adopt new approaches to im-
proving the mechanical properties of rubber materials. Sjoberg and Kari introduced a
detailed explanation on the underlying physical mechanisms of the nonlinearities.*
The properties of rubber materials mainly refer to dynamic stiffness and damping,
which not only depend on the chemical composition of the rubber materials, but also
on temperature, humidity, vibration frequency, and vibration amplitude. Mean-
while, the difference in rubber geometry will also exert a great impact on it. As
discussed by Harris and Stevenson,” the nonlinearity of the material often occurs due
to the properties of the elastomer itself or the influence of the geometric shape.
Efforts have been devoted to the static and dynamic behaviors of the rubber isolator
for a better structure design. Papoulia and Kelly designed a visco-hyperelastic rubber
constitutive model to represent the finite strain response of rubbers used in the
vibration isolation at low frequency.® Richards and Singh devised distinct experi-
mental equipment to probe into the static and dynamic stiffness of three different
rubber isolators.* A method of nonlinear modeling was also proposed to study the
dynamic characteristics of rubber isolators by Roncen, Sinou, and Lambelin.” The
frequency-dependence of the dynamic stiffness has been thoroughly investigated
through experiment, theory analysis and numerical simulation.

At present, the research methods for the nonlinear characteristics of elastomers
are mainly divided into two categories. The first type is the elastomer mechanics
modeling based on physical models. The finite element discretization analysis of the
structural elements of the elastomer is performed using Kelvin—Voigt or Maxwell
models, fractional derivatives or Bergmodel,*? etc. These methods are accurate but
require highly complex structural modeling. The second type is based on experi-
mental phenomenological modeling. The dependence of the dynamic stiffness and
damping of an elastic body on the amplitude is commonly demonstrated using single-
degree-of-freedom system, which is specifically expressed in the form of a polynomial
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1'1:12 of the relative displacement amplitude. In structural dynamics,

or exponentia
most nonlinear formulas illustrate the relationship between dynamic stiffness and
damping with the relative displacement or its derivatives. Based on harmonic
experiments, Franchini et al. obtained the dynamic characteristics of viscoelastic
materials using the method of parameter identification.'® This work used the second
approach to the structure modeling with a single-degree-of-freedom system. Firstly, a
harmonic experiment was designed and conducted to present the relationship be-
tween dynamic stiffness and damping against relative displacement amplitude. The
single-degree-of-freedom system was modeled, and the nonlinear characteristics of
the dynamic stiffness and damping of a thin-walled hallowed spherical rubber iso-
lator were corrected. Then, the nonlinear method was used for numerical simulation
to calculate the nonlinear frequency response function (FRF) of the system. The
harmonic balance method (HBM), the most widely used analysis method for non-
linear systems was applied in this study. Through the comparison of the experi-
mental measurements and simulation results, the accuracy of system modeling was
verified.

This paper is mainly divided into four parts to investigate the nonlinear dynamic
characteristics of the thin-walled hallowed spherical rubber isolator by employing the
methods established in Ref. 5. Firstly, the structure of the harmonic experiment was
briefly introduced and the vibration test data was obtained. Secondly, the harmonic
signal was studied, and the efficient filter combined with the covariance adaptive
matrix algorithm was used to identify the fundamental frequency and the signal
amplitudes of each time interval. The frequency response of the system was extracted
from the time signal of the swept-sine experiment. Thirdly, the single-degree-of-
freedom system model based on the harmonic experiment was developed, and the
nonlinear vibration equation was established and solved by HBM. Finally, the results
of the experimental measurement and numerical simulation were compared to verify
the accuracy of nonlinear modeling.

2. Experiments

Based on the influence of the geometric shape on the nonlinear characteristics, a
series of experiments were conducted to explore the dynamic stiffness and damping of
the thin-walled hallowed spherical rubber isolators. Figure 1 illustrates the

12.5mm 5.5mm

Fig. 1. Schematic diagram of the rubber isolator’s structure.

2250133-3



Int. J. Str. Stab. Dyn. 2022.22. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 02/13/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

H. Li et al.

schematic diagram of the rubber isolator’s structure (thickness = 1.6mm). The
vibration isolator was mainly made of silicone rubbers which could be used stably
at —60—4-200°C over a long period of time. The range of tensile strength was
4.0-12.5 MPa.

2.1. Experimental setup

The structure of the system studied in this work is shown in Fig. 2. The system
consists of a vibration-absorbing elastomeric material attached to an aluminum
casing and a mass block. Through the cooperation of the linear bearing and the guide
shaft, the movement mode of the mass block was restricted in the axial direction,
thereby it could be modeled as a single-degree-of-freedom system. The entire system
was fixed on the vibrator. Different harmonic excitations were applied through the
vibrator to induce complex dynamic behaviors inside the spherical rubber isolator.
The rotation center of the mass block was matched with that of the guide shaft to
minimize the effect of tilting. Two accelerometers were installed symmetrically on the
bottom of the mass block at a 180° angle to each other to detect the symmetry of the
signal, ensuring that the tilted signal could be detected and corrected. The acceler-
ometer of the input signal was installed on the top of the casing as the feedback
control signal of the vibrator.

2.2. Experimental results

The purpose of the experiment is to characterize the nonlinear response of the sys-
tem, specifically the response of the structure to different harmonic excitations. The
nonlinearity of the system mainly comes from rubber materials. Firstly, the loading
of the rubber isolator was investigated with a series of different loading masses [50;
60; 70; 80; 90; 100; 110; 120] g designed. After pre-experiment, the experiment was
performed at room temperature with the input acceleration value set as 0.5 g and the

rubber isolator

mass

(a) (b)

Fig. 2. Experimental setups (a) photo of the structure; (b) sensor positioning diagram (A1, A2, A3).

2250133-4



Int. J. Str. Stab. Dyn. 2022.22. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 02/13/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

Dynamic Characteristics of Rubber Isolators

] (b) ’ (C ] . ]
— 50g — 60g — 70g —80g 3 —90g — 100g — 110g —120g 3| —o025e—03g—035g—04g—05g —06g—07g—08g—09g—10¢

RN

S)(m.

—
a2 2
amplitude (ms(ms?)

)

\
)
/

N

120 180 20 0 120 180 210 a0 50 20 160 2 2 160
Freauency (Hz) Freaency (117) Freauency (12) Freanency (117)

ERF amplitude (m.s”)/(m.s?)

Fig. 3. Experimental FRFs for swept-sine experiments of different loads (a) and (b) and of different
excitation levels (c¢)—(f). Repeatability for swept-sine experiments of excitation levels at 0.5g (g) and
1.0g (h).

frequency range set as [30; 250] Hz. The FRFs of different loads of the spherical
rubber isolator under the same acceleration value were measured. FRF represents
the ratio of output acceleration over input acceleration (A1Z + A2Z)/2A3Z. As
illustrated by Figs. 3(a) and 3(b), the resonance frequency showed a downward
trend as the load mass increased. The resonance peak value decreased with the
increase of the load mass. Until the load mass increased to 90 g, a large nonlinear
effect appeared where the resonance peak value increased to a certain value and then
declined. To study the harmonic response under different excitations as well as to
avoid the nonlinear influence of the load to obtain a stable response, the load mass
was set as 60 g for subsequent research.

A sine frequency sweep experiment was designed and carried out at room tem-
perature. Through the pre-experiment, the small value was densely applied and the
large value was loosely applied. The input acceleration was [0.25; 0.3; 0.35; 0.4; 0.5;
0.6;0.7;0.8; 0.9; 1.0; 1.1; 1.2; 1.3; 1.4; 1.5;1.6; 1.8; 2.0; 2.2] g and frequency range was
[30; 250] Hz. The swept rate was set as 0.5oct/min to get stable response at the
resonance peak. Figures 3(c)-3(f) shows the results of the FRF of different excita-
tion. For the structure studied in this work, as the acceleration excitation increased,
the amplitude initially decreased and then rose. Meanwhile, as the excitation in-
creased, the resonance peak dropped from 220 Hz to 50 Hz, which was the softening
effect of the elastomer material when it was deformed (i.e. Payne effect'*'°).

Subsequently, a series of harmonic experiments were repeated at excitation levels
of 0.5 and 1.0 g. The results of the FRF were shown in Figs. 3(g) and 3(h). It can be
observed that for a fixed value of acceleration excitation input, the resonance peak
value slowly decreased. This phenomenon corresponds to the Mullins effect.!”™'”
Notably, the resonance peak after many experiments approached convergence,
providing additional evidence for the nonlinear method used in this paper to restore
the FRF of the spherical rubber isolators.
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3. Multi-Harmonic Experimental Measurements

The vibrator is piloted with a logarithmic swept-sine signal. The response is regarded
as stationary when the frequency evolved slowly enough (0.5 oct/min in the vicinity
of the resonance). The frequency hardly changes in a small time slot, in which the
signal could be considered as a quasi-periodic signal and expanded by Fourier series.
The signal analysis?” aims to determine the fundamental frequency and the harmonic
amplitudes of both input and output signals at every instant. Extracting the har-
monics of the experimental signal is mainly carried out through the following steps.
Figure 4 uses the output signal as an example to illustrate the extraction of the Nth
harmonic of the amplitude signal.

Firstly, the windowing step drives the frequency increment of the response curve.
The temporal distance between two time slots can be directly linked to a frequency
increment through the logarithmic speed of sweep. In this work, a constant distance
of 0.2s between two time slots is chosen. Adequate points are required to complete
the identification but the harmonic amplitudes can be considered as constant along
the sample only when the corresponding frequency length of the slot is low enough.

The second step is frequency identification and parameter optimization. The start
frequency Fi,,, stop frequency F,, and average frequency F are calculated for each
time slot. A band-pass filter is applied to filter the signal around the estimated
fundamental frequency F (generally choose 0.9F.4—1.1F,y) and eliminate the
higher order harmonic signals. Then a sine sweep signal P with 4 parameters is fit as
function (3.1). The four parameters are the start frequency Fi,, the stop
frequency F,q, the maximum amplitude A and the phase ¢,. Covariance adaptive
matrix (CAM-ES)?"*? is used to optimize the four parameters owing to its quick
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Fig. 4. Extraction of the Nth harmonic algorithm scheme.

2250133-6



Int. J. Str. Stab. Dyn. 2022.22. Downloaded from www.worldscientific.com

by HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY on 02/13/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

Dynamic Characteristics of Rubber Isolators

convergence and low noise sensitivity. This algorithm can minimize the error be-
tween the sample and the synthesized signal, thereby ensuring the accuracy of the
entire optimization process. The optimized fitness function is the mean square error
between the synthesized signal and the sample, where amplitude A is the maximum
value of the sample. Phase ¢, is previously estimated by a zero-crossing scheme due
to its sensitivity. The beginning of the synthetic signal is set at the first point after
zero-crossing. The phase ¢, is estimated by tarcos(y/A), where y represents the
value of the first point, and the sign represents the direction of the zero-crossing. The
parameters are bounded for the optimization algorithm after estimation (i.e. A, Fi,,
and F, 4 + 10%, ¢y = 10°). The fundamental frequency F of the sample is defined as
the logarithmic mean between Fj,, and Fg,q.

. F, end t/tena
p = nnfon](220) "5, Jov ). o

beg

In the end, in order to get the Nth harmonic of the input and output signal, the
signal is filtered by a band-pass filter around n - F', then the two-parameter synthesis
function is fit. The result of frequency identification does not need to be optimized.
Only the phase and amplitude are used as the optimized quantities to obtain the Nth
harmonic of the input and output signal.

Figure 5 illustrates the results of the first three harmonics extracted from the
input signal and output signal, where green, blue, and red represent the first, second
and third harmonics, respectively. The first harmonic signal extracted from the input
signal is approximately a smooth straight line, and the first harmonic signal
extracted from the output signal meets the trend of the output signal. The results
indicate that the input excitation and output amplitude response of higher harmo-
nics have nonlinear contributions. However, the contribution of the second harmonic
and the third harmonic response to the overall nonlinearity are very small, both of

10 harmonics 1 ——harmonics 2 —— harmonics 3 10 harmonics 1 ——harmonics 2 —— harmonics 3
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Fig. 5. (Color online) Input (a) and output (b) harmonics for the experiment with a constant excitation
level of 1.5 g for harmonics 1 (green), 2 (blue), and 3 (red).
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which are less than 2% of the amplitude of the first harmonic. Therefore, this work
does not include the contribution of higher harmonics.

4. Modeling

Prabakaran et al. presented several applicable damping descriptions using three
different dissipation models and identified the increase of damping with the vibration
amplitude for a rubber rectangular plate.>® Stanislas et al. proposed a genetic al-
gorithm to identify the nonlinear damping and stiffness of continuous structures
subjected to large-amplitude vibrations and achieved good results.>* A procedure has
been presented to identify damping and stiffness coefficients of a nonlinear single-
degree-of-freedom model undergoing large-amplitude vibrations under harmonic
excitation by using the first harmonic of the frequency responses.?* In this study, we
perform a single-degree-of-freedom modeling for spherical rubber isolators using the
HBM to predict the first harmonic of the frequency response. This work is suited to
the unidirectional tensile and compression of the spherical rubber isolators. A
schematic diagram of the system is shown in Fig. 6. M represents the load mass (i.e.
M = 0.06kg). K and C represent the dynamic stiffness and damping of the spherical
rubber isolator, respectively. Both stiffness K and damping C' are functions of the
displacement amplitude X. — X defines the relative displacement between the mass
M and the base. X corresponds to the amplitude of X. Y defines the output dis-
placement of the mass M. ¢(t) defines the input displacement of the system. The
signal measured by experiments is expressed in output displacement Y'(¢).

For a given input acceleration excitation of the vibrator, the dynamic equation of
a single-degree-of-freedom system is as follows:

MX(t) + C(X)X(t) + K(X)X(t) = —M(t), (4.1)
q(t) is the input displacement of the system, the equation can be rewritten as
X 4+ 2wt X +wiX = —, (4.2)
a(t)

Base

Y(t) | X(t) = K C

Z
! . o

Fig. 6. Diagram of the rubber isolator modeled by a stiffness mass system.
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where wy=+/K/M, £ =C/2Mw, are, respectively, defined as the undamped
circular frequency and the damping ratio.

For the supported single-degree-of-freedom system in this study, and
Y (t) = X(¢) + ¢(t), the equation can be rewritten as follows:

MY +C(Y —§) +K(Y —q) =0. (4.3)
The simplified equation is as follows:
V 4 200€Y + wiY = wiq + 2woéi. (4.4)

For the Laplace transform of the equation, the transfer function 7'(w) is obtained
as follows:
1+2i2
T(w) = R . (4.5)
1-(2) +2i2¢

By considering the above relationship, it can be obtained that when
Winax = wWo/ 1 — 262, the amplitude of the transfer function has a maximum value
7)o~ 1/26.

Figure 7 shows the algorithm scheme for determining the unknown function re-
lationship between C(X), K(X), and X. This process is based on the swept-sine
experiment with different acceleration excitations, and swept rate is 0.5 (oct/min).
Since the frequency changes very slowly, the response of the system can be regarded
as X(t) = Xsin(w - t).

The FRF corresponding to a given acceleration excitation can be obtained
through the harmonic experiment. The maximum amplitude X max 18 determined by
FRF, and X, = 1T (w)]|max & 1/2€ is used to calculate the damping ratio £. The
undamped circular frequency wy is calculated through wy = wp,/v/1 — 2€2. From
wyg =/ K/M, £ =C/2Muwy, the damping and stiffness under a given acceleration
excitation can be obtained. By conducting different excitation harmonic experi-

ments, multiple points corresponding to the dynamic stiffness K(X), dynamic

. \
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| |
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different acceleration | | ( Stiffness K Damping C |
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Fig. 7. Stiffness and damping algorithm scheme.
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Fig. 8. Evolution of the stiffness (a) and damping (b) with respect to the displacement amplitude.

damping C(X ) and the maximum amplitude X, can be obtained. The stiffness K
and damping C of the rubber elastomer are defined as continuous functions of X,
by a spline interpolation as shown in Fig. 8.

Notably, the acquired functions are established on the basis of the variable X max
at the resonance frequency and the stiffness K and damping C only depend on the
displacement amplitude X. Hence, it is postulated that the identified values of K and
C are solid as a function of the displacement amplitude. A simplified modeling of the
elastomer is used by means of a reduced number of experiments.

5. Simulation

Various methods have been established to analyze the nonlinear frequency response
by numerical simulation. This work mainly employs the HBM for nonlinear systems.
Its fundamental principle is to express each state variable of the dynamic equation
with a Fourier series to satisfy its periodicity. It is required to optimize the coeffi-
cients of the Fourier series so that the system equation has the smallest error. Marco
et al. introduced the first-order HBM to demonstrate the nonlinear damping in large-
amplitude vibrations and proved that the approach is valid for continuous systems
discretized with a single-degree-of-freedom.”?” Subsequently, the third-order HBM is
introduced and the equation of motion is obtained in differential form for the first
time, extending the research approaches of complex nonlinear dynamics and con-
tributes to future engineering applications.”® This work uses HBM to solve the
nonlinear problems defined by the following equations of motion:

After introducing the nonlinear force, the equation can be rewritten into the
following form. F(t) and Fyz(X) represent the linear and nonlinear terms of the
equation, respectively.
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MX(t) = F(t) + Fy.(X), (5.2)
where
Fyp(X) = —Cyp X(t) — Ky X(¢), (5.3)

where Ky and Clyy, correspond to the nonlinear dependency of the stiffness K and
the damping C' with regard to the displacement amplitude X.

To find the solution of the equation X (¢) with a specific period, € = 27w is chosen
to be the fundamental pulsation. As for swept-sine simulations, ) represents the
current pulsation of the excitation. The stationary solution is approximated by the
truncated Fourier series with 2 as fundamental frequency such as

X(t) =By + i(BK cos(kQt) + Ag sin(kQt)). (5.4)
r=1

{By,[Ak, Bk]ke1p} is the Fourier coefficient of solution X(t). Nonlinear force
Fyz(X) and excitation force F'(t) can also be approximated by a finite Fourier series.

p
Fy(t) = Co+ Y (Cx cos(kt) + Sy sin(kQt)), (5.5)
k=1
4
Z Cl ox cOS(KQt) + Sk o sin(k€21)). (5.6)
k=1

{Co, [Ck, Sklkerp} and {[Ck ex, Sk ex|ke1p ) are the Fourier coefficients of the non-
linear force Fiyy(X) and the excitation F(t), respectively. The order of the truncated
Fourier series, denoted p in previous equations, is chosen in accordance with the
number of significant harmonics required in the dynamical response. For the swept-
sine experiments, the hypothesis made in Sec. 3 restricts the study to the first har-
monic of the response, thus, p = 1. Afterwards the amplitude of the response is given

by
X(t) = /A% + B2 (5.7)

Equation (5.1) can be rewritten in the Fourier basis

—(kQ)*M 0 HAK} _ {SK} N {SK]

5.8
0 —(kQ) 2]\4 BK CK CK,ez ( )

The coefficients {Cy, [Ck, Sk]ke1,,} depend on the coefficients { By, [Ax, Bx|ke1:p}-
Both are calculated via the classical alternate frequency time domain method (AFT-
method).”” Thus, the following process is employed and implemented:

The nonlinear equations can be solved by calculating the relationship between
{By,[Ak, Bxlkerp} and {Cy,[Ck,Sklkerp}. As shown in Fig. 9, X(t) can be
obtained by two methods. Notably, the process can be simplified in the swept-sine
experiments where the response X (t) is a sine with p = 1. In this case, the amplitude
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Fig. 9. AFT algorithm scheme.

of X(t) is obtained from Eq. (5.3), and AFT is no longer needed.

Cl = _C’NL‘Al(2 - KNLBla (59)
Sl == CNLBlg - KNLAI' (510)

Equation (5.1) can be rewritten in the Fourier basis

(Ko =08 O ][] [ 1] 6
CNLQ KNL — QZM Bl B Cl,ez ' .
The following equation can be obtained by combining Egs. (5.9)—(5.11):
KOV (O + (Kyy — M) =\ [(5,007 + (Cra)? =0, (512)

This relationship between {Cy, [Ck, Sk]xe1,} and X(t) facilitates the solving of
the nonlinear problem (Eq. (5.8)) which is referred to as H(X(¢),Q2) = 0.

By solving the nonlinear equation, the FRF can be obtained. As for the
mechanical system subjected to swept-sine excitations, a Newton—Raphson contin-
uation method is applied with the frequency 2 and the Fourier coefficients X (t)
considered as variables. The precision of system modeling is identified by comparing

experimental measurement and simulation results.

6. Results and Discussion

The calculation results of the nonlinear vibrations of the thin-walled hallowed
spherical rubber isolator subjected to harmonic excitations are compared with
the swept-sine experiments to verify the effectiveness of the nonlinear modeling.
Figure 10 illustrates the comparisons of simulation results and experimental mea-
surements at excitation levels of [0.3; 0.4; 0.5; 0.6; 0.7; 0.8] g, in which blue dots
represent experimental results and red dots represent numerical simulation results.
For the simulation results of different excitations, we can obtain the softening effect,
resonance peak value and resonance frequency of the spherical rubber isolator. These
parameters give us a better understanding of the characteristics of such kind of
spherical rubber isolator and provide additional support for rubber materials used as
isolators in engineering.

However, two main deviations can be seen in the comparisons. Firstly,
the calculated FRF under high excitation level is slightly different from the
experimental measurement. As the acceleration excitation level increases, the
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Fig. 10. (Color online) Experimental FRFs for swept-sine experiments (blue) and HBM simulations (red).

deviations become obvious. During the experiment, for high excitation levels, the
temperature increases significantly, which can be attributed to the thermal effect of
the elastomer. Secondly, the simulation results agree very well with the experimental
results before the resonance peak, while variances appear after the resonance peak.
For different acceleration excitations, the calculated FRF basically shows the same
characteristics. As the frequency increases, the deviation of the acceleration value
becomes larger. This shift is mainly due to the changes of rubber itself caused by
resonance damage.

In spite of the deviations of FRF after the resonance peak, the modeling of the
elastomer is reliable enough to capture the resonance peak, the softening effect as
well as the general form of the nonlinear response for all excitation levels. It ensures
the accuracy of the modeling and the effectiveness of the parameter identification,
predicting the vibration characteristic of the thin-walled hallowed spherical isolation
systems and providing additional supports for isolation system design.

7. Conclusions

The nonlinear characteristics of a thin-walled hallowed spherical rubber isolator
subjected to harmonic excitation are studied in this work. Through swept-sine
experiments, the nonlinear dynamic characteristics of spherical rubber isolators are
observed, and elastomer modeling is performed. The frequency response curve is
predicted by HBM method and the simulation results agree well with the experi-
mental results, especially for the resonance frequency, resonance peak value and
softening effect. The data obtained in this work provide reference for future design in
damping systems with thin-walled hallowed spherical rubber isolators. These
methods are conducive for practical applications of rubber damping system in
engineering.
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