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ABSTRACT The helicopter tail drive shaft system is a typical multi-point supported drive shaft system,
with a long span that can lead to serious vibration problems. Shaft vibration can be effectively reduced by
installing a rubber-silicone oil combined damper between the bearing and bearing pedestal at the support
point along the tail drive shaft. Stiffness and damping characteristics of the rubber-silicone oil combined
damper are important factors affecting shaft vibration. In this study, the effects of silicone oil on the stiffness
and damping of rubber-silicone oil combined damper were analyzed through simulations. The simulation
method was experimentally verified and factors influencing the static stiffness, dynamic stiffness, and
damping characteristics of the damper were investigated. In addition, the influence of damper dimensions
and external excitation frequency on the stiffness and loss factor of the damping ring in the presence and
absence of silicone oil were examined. The presence of silicone oil increases the difference between the
dynamic stiffness and the loss factor. As the viscosity of the silicone oil increases, the static stiffness, dynamic
stiffness, and loss factor of rubber-silicone oil combined dampers increase. The results have important

guiding significance in the design of dampers for shafting systems.

INDEX TERMS Rubber-silicone oil combined damper, stiffness, damping, silicone oil.

I. INTRODUCTION

Dynamic characteristics of the helicopter tail drive shaft have
a critical influence on the overall performance of the heli-
copter. The long span of the helicopter tail drive shaft system
is a typical multi-support shaft system. The shaft sections are
connected by flexible couplings, which can introduce serious
vibration problems. Therefore, damping elements are often
used to effectively reduce vibrations in the tail drive shaft
system.

Rubber dampers are widely used in automobiles, ships,
motor cars, etc. to achieve a wide range of vibration damping
effects [1]-[3], which depend on the shape of the damper,
material, and structure of the mold [4]. A large body of
research has been carried out on the damping effects of
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rubber dampers. Lee and Youn [5] proposed a topology
optimization method for the design of rubber isolators con-
sidering both static and dynamic mechanical behaviors of
rubber. Guo et al. [6] established a dynamic model of a rub-
ber isolator by superimposing hyperelastic, viscoelastic, and
elastoplastic models, and predicted the correlation between
the vibration isolator amplitude and frequency. Yu et al. [7]
used a combination of tests and simulations to study the
dynamic stiffness and damping characteristics of silicone rub-
ber isolators and showed that dynamic stiffness and damping
characteristics of the isolators are non-linear and obtained the
displacement transfer rates. Zhu and Youxiang [8] prepared
a silicone rubber composite dielectric elastomer and studied
its properties. Ziqi et al. [9] investigated the stress-strain
hysteresis behavior of silicone rubber-based electrorheologi-
cal elastomers under different electric field strengths, shear
frequencies, and strain amplitudes. In addition, dynamic
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viscoelasticity of the elastomers was analyzed under various
operating conditions. The results were then used to modify
the nonlinear constitutive models and parameter identifica-
tion was performed. Wang ef al. [10] studied the dynamic
performance of rubber components under compressive and
shear stresses, introduced a nonlinear dynamic model of a
rubber damper in a track fixation, and analyzed the dynamic
stiffness and damping of the damper. Jingzhi et al. [11] per-
formed dynamic tests on rail fastener rubber parts under
various working conditions and obtained dynamic force-
displacement curves. Dynamic characteristics of the rubber
parts were evaluated and the amplitude- and frequency-
dependent behavior of parts with different rubber composi-
tions were analyzed. Quanshan et al. [12] proposed a uniaxial
compression test equivalent to the axial tensile rubber consti-
tutive test method and combined the test data and theory to
establish a rubber constitutive model; then the finite element
method was used to analyze static deformation of the rubber
damper in a marine environment. Numerical results and test
data were compared, which shows that the second-order poly-
nomial constitutive model describe the deformation of the
superelastic rubber damper commendably. Gang et al. [13]
conducted an in-depth analysis of the rubber bushings charac-
teristics of an automobile suspension and identified and fitted
superelastic coefficients of the constitutive model using finite
element software. Abdulla et al. [14] derived the relationship
between the linear displacement and angular displacement of
a natural rubber engine vibration isolator. Liming et al. [15]
performed a finite element analysis of neck-type vibration
damping pads made of different rubber materials, such as
silicone rubber, natural rubber, butyl rubber, foam rubber
materials and simulated vibration damping pad failure. The
failure location provides a reasonable basis for damping
pads design of high-speed machine tools. Keqi et al. [16]
performed dynamic impact tests on a rubber damper for
railway tracks and established a dynamic model, as well as
two different kinds of mass models for simulating the impact
mass. Results of the finite element analysis were consistent
with experimental data suggesting the model can accurately
simulate the dynamic response of the rubber vibration reduc-
tion system, which could shorten the design and optimization
process.

The vibration damping effects of rubber dampers made of
different raw materials will vary. Since the elastic hystere-
sis is typically small and rubber materials do not provide
appropriate damping in wide frequency ranges. To improve
damping properties, silicone oil is often used alongside the
damping components as a damping fluid. The combined vis-
coelastic damping characteristics of the rubber material and
high viscous friction damping characteristics of the silicone
oil can effectively reduce vibration. The rubber-silicone oil
combined damper was first used in the S-64 helicopter of
the US Sikorsky company in 1962 [17]. The damper consists
of a tightly vulcanized ring structure with an outer hollow
rubber ring and inner metal bushing and the cavity of the
hollow rubber ring is filled with silicone oil. Xilong [18]
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FIGURE 1. Schematic diagram of installation of rubber-silicone oil
combined damper 1- elastic washer; 2- metal bush; 3- left end cover;

4- hollow shaft; 5- bearing; 6-silicone oil; 7-hollow rubber ring; 8-screw;
9-right end cover.

introduced a mathematical model of the radial stiffness and
damping effects of an annular rubber silicone oil damper and
analyzed the influence of rubber size on the radial stiffness
of the damper. The effects of silicone oil on the damping
of the rubber-silicone o0il combination damping ring were
also effectively analyzed, however, validation tests were not
performed to verify the simulation results. Weiming [19]
analyzed the effect of the number preload cycles on the uni-
axial tensile properties of rubber pieces. He studied the static
and dynamic characteristics of solid rubber rings and rubber
silicone oil rings, the rubber silicone oil ring he studied has
two metal oil nozzles. The rigidity of the metal oil nozzles is
much greater than that of the rubber. It is not easy to determine
the effect of the presence of metal on rubber stiffness and
damping.

To date, abundant research has been carried out on the
vibration damping of silicone oil, whereas studies on the
influence of silicone oil on the rubber-silicone oil combined
damper are currently lacking. This paper presents a three-
dimensional model of a rubber-silicone oil combined damper.
A combination of tests and simulations were used to analyze
the influence of the presence or absence of silicone oil and
viscosity of the oil on the static stiffness, dynamic stiffness,
and loss factor of the damper.

Il. ESTABLISHMENT OF RUBBER-SILICONE OIL
COMBINED DAMPER MODEL

The rubber-silicone oil combined damper is typically
installed on the helicopter tail drive shaft for radial vibration
damping of the shaft system. A schematic diagram of the
damper installation is shown in Figure 1. The rubber-silicone
oil combined damper and the metal ring are bonded as a
whole using certain vulcanization process. The outer ring sur-
face of the rubber silicone oil damping ring is connected with
the bearing housing hole through an interference fit, and the
inner surface of the metal ring is connected with the bearing
through an interference fit. The bearing is sleeved on the
shaft through an interference fit. Vibrations are transmitted
from the shaft to the rubber silicone oil damping ring via the
bearing.
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FIGURE 2. Drawing of rubber-silicone oil combined damper.
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FIGURE 3. Model of rubber-silicone oil combined damper.

To study the effects of silicone oil on the stiffness
and damping characteristics of rubber-silicone oil combined
dampers with different structural parameters under various
operating conditions, reference dimensions of the parameter-
ized rubber-silicone oil combined dampers were established,
as shown in Figure 2: The hollow rubber ring wall thickness
t is 5 mm; the height of the rubber-silicone oil combined
damper £ is 27 mm; the inner diameter of the hollow rubber
ring 2 x r_inner is 60 mm; the outer diameter of the hollow
rubber ring 2 x r_exterior is 90 mm.

For assembly of the hollow rubber ring and the metal bush,
the height of the metal bush should be consistent with its
height, the outer diameter of the metal bush is consistent with
the inner diameter, and the thickness of the metal bush is
4 mm. Then, considering the silicone oil and hollow rub-
ber ring assembly, the thickness of the silicone oil is set
to (ds_r_exterior — ds_r_inner — 4 x ds_r_thick)/2 mm,
the reference value is 5 mm; the height of the silicone oil
is (ds_height — 2 x ds_r_thick) mm, the reference value is
17 mm.. A drawing of the three-dimensional model of the
rubber-silicone oil combined damper based on the reference
value is presented in Figure 3(a) and the prototype is shown
in Figure 3(b).

The manufactured rubber-silicone oil combined damper
will be installed on the rotor test bench to study the vibra-
tion damping effect of rubber-silicone oil combined damper
with different stiffness and damping parameter. The rotor test
bench equipped with rubber-silicone oil combined damper is
shown in Figure 4, and its speed range is 0-1000rpm. The
vibration of the shaft is the excitation source of the rubber-
silicone o0il combined damper.
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Rubber-silicone oil combined damper

FIGURE 4. Rotor test bench with rubber-silicone oil combined damper.

Il. EFFECT OF SILICONE OIL ON STATIC STIFFNESS OF
COMBINED DAMPER

A. SIMULATION AND EXPERIMENTAL VERIFICATION OF
STATIC STIFFNESS CHARACTERISTICS OF

COMBINED DAMPER

The rubber-silicone 0il combined damper contains a hollow
rubber ring and silicone oil. During the working process,
the silicone oil interacts with the rubber and deformation of
the rubber causes the silicone oil to deform and move. In a
similar way, deformation of the silicone oil will exert a force
on the rubber.

To simulate the working conditions of the rubber-silicone
oil combined damper, it is necessary to use both the fluid
module and solid module in finite element software to per-
form a fluid-structure coupling simulation. The density of
mental bush is 7850 kg/m3, the Poisson’s ratio is 0.3, and
elastic modulus of 2 x 10'! Pa was selected.

It is necessary to define the rubber material using the
hyperelastic constitutive and the viscoelastic constitutive.
The superelastic constitutive model is the Neo-Hookean
model. The viscoelastic constitutive model is the gener-
alized Maxwell model represented by a third-order Prony
series.

The Neo-Hookean model is a constant shear model, which
can only be used to predict the mechanical behavior of uniax-
ial tensile rubber with strain ranges between 30% and 40%,
and pure shear rubber with strain ranges between 80% and
90%. The model is the simplest form of elastic body strain
energy function, and can be expressed as follows:

W = Cio(l; — 3) (1)

where 1 is the first-order strain invariant, Cj9 = 0.5 ug, and
g is the material shear modulus.
The generalized Maxwell model includes the expressions
for both the energy storage and loss modulus of Prony series:
Z(TG)Z

() = 1— G 2
s =i 3ot |en ST o
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TABLE 1. Prony coefficients.

Shear relative modulus Value Relaxation time Value
o IG 0.10282707 T, IG 0.029022948
ay 0.57009933 7y 0.00081871047
G G
o 0.05473521 73 0.7853139
n G n G

p oT; oot
Bl = 2 ey ~ B L G o G)Z) ©

In Equation (3), Ey is the instantaneous modulus; g; is the
ratio between the spring elastic modulus and the total elastic
modulus in i-th Maxwell model; 7, is the relaxation time of
the ith Maxwell model.

The Curve Fitting module in finite element software con-
tains commonly used hyperelastic constitutive models. The
stress-strain curve of the material can be obtained through
the mechanical performance test of the material [19]. The
stress-strain data obtained from the test can be imported
into this module. The required constitutive model parameters
will be automatically fitted by finite element software. The
hyperelastic constitutive parameters can be obtained by fit-
ting the experimental data and the parameter Cyg is equal to
3.2487 x 10°. The parameters of the viscoelastic constitutive
model are shown in Table 1.

To simulate the working conditions of the rubber-silicone
oil combined damper, fluid-structure coupling simulations
were performed using finite element software. The Transient
module is used to analyze the solid part, and the fluent
module is used to calculate the fluid part. The two-way fluid-
solid coupling calculation is carried out through the cou-
pling module to calculate the static and dynamic stiffness of
the rubber-silicone oil combined damper. Before performing
simulations, the fluid domain and solid domain of the rubber-
silicone oil combined damper were pre-processed separately
and boundary conditions were set. First, the fluid domain was
set up. The viscosity of the fluid (silicone oil) was set to
0.096 kg/(m-s). The fluid domain mesh of the rubber-silicone
oil combined damper is illustrated in Figure 5(a). The number
of nodes in the fluid domain mesh is 4720 and the number of
cells is 3186. The hollow rubber ring of the corresponding
solid domain and the entire inner ring surface of the hollow
cavity of the hollow rubber ring were selected as the fluid-
solid coupling surface, which also corresponds to the fluid-
solid coupling surface of the silicone oil in the fluid domain.
The solid domain mesh of the rubber-silicone oil combined
damper is presented in Figure 5(b). The number of nodes in
the solid domain mesh is 78862, and the number of elements
is 15449.

From Figure 1, it can be seen that the outer ring of the
rubber-silicone oil combined damper is flush with the base;
therefore, the outer ring surface of the rubber-silicone oil
combined damper was set as a fixed constraint. Consider-
ing the inner ring surface of the hollow rubber ring and
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(a) Fluid domain mesh (b) Solid domain mesh

FIGURE 5. Mesh generation of rubber-silicone oil combined damper.

Lower chuck
L—-ﬂl‘

FIGURE 6. Static tensile testing of rubber-silicone oil combined damper.

the outer ring surface of the metal bush are integrated by
vulcanization and bonding, the interface between the rubber
and metal surfaces was set as a restricted bonded in our
simulations. A static analysis was performed to determine
the relationship between the load and deformation of the
rubber-silicone oil combined damper. According to Standard
GB/T15168-2013[20], static stiffness can be calculated as

K AF 4
s= Ay “
where AF is the increase in static load, N; AX is the increase
in static deformation, mm.

To verify the simulation results, static tensile tests of the
rubber-silicone o0il combined damper were performed using
the PA-100 electro-hydraulic servo dynamic and static uni-
versal testing machine. It’s maximum dynamic working force
is 80KN, its maximum working frequency is 10Hz, and
its maximum working displacement is 100mm. Before the
test, the rubber silicone oil combined damper was installed
on the clamp, and the clamp was then tightened using the
upper and lower chucks of the PA-100 machine. During the
testing, the lower chuck remained fixed, while the upper
chuck moved in an up-and-down cycle, which was used to
drive the damping via the clamp, as shown in Figure 6. The
relationship between the load and deformation of the rubber-
silicone combined damper is shown in Figure 7.

The simulation and test results in Figure 7 illustrates that
in the elastic deformation range of 0.5 mm, the relationship
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FIGURE 7. Static load-deformation curve of rubber-silicone oil combined
damper.

TABLE 2. Comparison of static stiffness values obtained through
simulations and static testing of combined damper.

Test static stiffness Error
2.558x10°N/m 8.9%

Simulation static stiffness
2.331x10°N/m

between load and deformation of the rubber-silicone oil com-
bined damper is approximately linear under static loading;
therefore, the load-deformation curve can be used to solve
the static stiffness of the rubber-silicone oil combined damper
within this range. It can be seen from Figure 7 that the slope
of the test data curve is greater than the slope of the simula-
tion data curve, so the stiffness obtained from the test result
is greater than the stiffness obtained using the simulation.
According to equation (4), the static stiffness of the rubber-
silicone oil combined damper is 2.331 x 10°N/m, the test
static stiffness of the rubber-silicone oil combined damper
is 2.558 x 10% N/m. A comparison of the static test and
simulation results is presented in Table 2. The error of 8.9%
demonstrates that the simulation results is accurate. Differ-
ences among simulation and test results are mainly owing to
the stiffness of metal clamp, which is greater than the stiffness
of the rubber silicone oil combined damper, resulting in a
higher measured stiffness values compared to the simulations.

B. ANALYSIS OF THE EFFECT OF SILICONE OIL ON STATIC
STIFFNESS OF COMBINED DAMPER

1) THE STATIC STIFFNESS CHARACTERISTICS OF DAMPER IN
THE PRESENCE OR ABSENCE OF SILICONE OIL

The static stiffness of the rubber-silicon oil combined damper
will be affected by the outer diameter, inner diameter, wall
thickness, and height of the hollow rubber ring. In the present
paper, the effect of the presence or absence of silicone o0il on
the static stiffness of rubber-silicone oil combined dampers
were analyzed while varying with four different structural
parameters. The viscosity of the silicone oil is 0.096 kg/(m-s)
and the reference values are: outer diameter is 90 mm, inner
diameter is 60 mm, height is 27 mm, and wall thickness is
5 mm. The parameters were varied, as follows: outer diameter
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TABLE 3. Properties of silicone oil with different viscosities.

Silicone oil grade Viscosity (kg/(m's)) Density (kg/m?)
100cSt 0.096 960
1000cSt 0.971 971
5000cSt 4.86 972
12500cSt 12.175 974

of 82 mm, 86 mm, 90 mm, 94 mm, and 98 mm; inner diameter
of 52 mm, 56 mm, 60 mm, 64 mm, and 68 mm, height of
25 mm, 26 mm, 27 mm, 28 mm, 29 mm, wall thickness of
3 mm, 4 mm, 5 mm, 6 mm, and 7 mm.

The effects of silicone oil on the static stiffness of the
damper under the varying structural parameters are shown
in Figure 8. When the structural parameters are fixed,
the static stiffness of the rubber-silicone oil combined damper
is slightly larger compared to the hollow rubber damper. The
stiffness of the rubber-silicone oil combined damper is about
0.76% greater than that of the hollow rubber damper. Under
varying structural parameters, the effect of silicone oil on the
static stiffness of the damper does not follow any obvious
trend. The static stiffness decreases with the increase of outer
diameter for both the hollow rubber damper and rubber-
silicone oil combined damper. However, the static stiffness
increases as the inner diameter and wall thickness increase.
The static stiffness was found to be consistent as the height
were varied.

2) EFFECT OF SILICONE OIL VISCOSITY ON STATIC
STIFFNESS OF THE DAMPER

To study the effect of silicone oil viscosity on the static
stiffness of the rubber-silicone oil combined damper, four
types of silicone oil with different viscosities were selected
(Table 3) and the effects of oil viscosity on the static stiffness
of the damper were analyzed. For ease of description and
drawing, the viscosity equal to 0 shown in Figure 8 refers
to the viscosity of the hollow rubber damper. The effects of
different silicone oil viscosities on static stiffness are shown
in Figure 9. As the viscosity of silicone oil increases from
0.096 kg/(m-s) to 12.175 kg/(m-s), the static stiffness of the
damper increases by 2.5%.

IV. EFFECTS OF SILICONE OIL ON DYNAMIC STIFFNESS
AND DAMPING OF RUBBER-SILICONE OIL

COMBINED DAMPER

A. SIMULATION AND EXPERIMENTAL VERIFICATION OF
DYNAMIC STIFFNESS AND DAMPING CHARACTERISTICS
OF COMBINED DAMPER

Under dynamic loading, polyurethane rubber is a typical
viscoelastic material with a certain correlation between fre-
quency and amplitude. In [21], a medium loss factor n =
tan § was used to characterize the damping capacity of rub-
ber materials and the loss factor was found to be numeri-
cally equal to twice the damping ratio; thus, the damping
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FIGURE 8. Static stiffness of rubber damper in the presence or absence of
silicone oil.

characteristics of the damper are reflected by the loss fac-
tor. Dynamic stiffness indicates the ability of a material to
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resist dynamic deformation, expressed as the dynamic force
required to cause one unit of dynamic deformation. This
feature can also be used to measure the ability of a structure
to resist external dynamic loads and to characterize vibration
reduction performance of rubber and other elastomer damp-
ing elements [22].

In the present study, the ellipse method was used to solve
the dynamic stiffness and loss factor [20]. When a viscoelastic
damping system is subjected to harmonic loading, the damp-
ing force will be orthogonal to the elastic force and the trans-
mission force will depend on the damping force and elastic
force principles. The dynamic stiffness and loss factor can
be directly obtained from the transmission force-deformation
hysteresis loop (Figure 10): When the displacement reaches
the maximum value Xg, the corresponding transmission force
is equal to the elastic force; When the displacement is zero,
the damping force reaches the maximum value Fp, and at
this time the corresponding transmission force is equal to the
damping force.

From Figure 10. the dynamic stiffness can be calculated as

Fr AC

Kq = = — 5
4= %, = BC ©)
where AC is twice the elastic force, N; BC is twice the
maximum displacement, m; X is the maximum deformation,
m; Fy is the transfer force corresponding to the maximum
deformation, N, Fr is the maximum elastic force, N.
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FIGURE 11. Simulation results of dynamic loading of rubber-silicone oil
combined damper.

TABLE 4. Comparison of simulation and test results of dynamic loading
of rubber-silicone oil combined damper.

Category Dynamic stiffness Loss factor
Dynamic simulation 2.5235%x10°N/m 0.0783
Dynamic experiment 2.590x10°N/m 0.1250

Error 2.57% 3.74%
The loss factor can be calculated as
n= i—‘; ©)

where Fp is the maximum damping force, N.

To study the dynamic stiffness and damping characteristics
of the rubber-silicone oil combined damper, the damper was
dynamically simulated using an external loading frequency
of 1 Hz and amplitude of 0.2 mm. The simulated load-
deformation curves are shown in Figure 11. According to
equations (5) and (6), the dynamic stiffness is 2.5235 x
10 N/m and the loss factor is 0.0783.

To verify the dynamic simulation of the rubber-silicone
oil combined damper, dynamic tests were carried out on a
real rubber-silicone oil combined damper using the same
clamping method used in the static tests. For dynamic tests,
a radial sinusoidal load was applied. The load-deformation
curves obtained using an excitation frequency of 1 Hz and
amplitude of 0.2 mm are shown in Figure 12. According to
equations (5) and (6), the dynamic stiffness is 2.59 x 10° N/m,
and the loss factor is 0.1235. Errors in dynamic stiffness
and loss factor between the simulation and test results are
presented in Table 4. The dynamic stiffness error is 2.57% and
the loss factor error is 3.74%. The errors may be caused by the
rubber aging phenomenon, which can occur during storage of
the rubber-silicone oil combined damper, and larger stiffness
of the clamp compared to the rubber-silicone oil combined
damper. Taking these factors into consideration, the results
of the simulation are credible and the simulation model is
appropriate.

218560
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FIGURE 12. Test results of dynamic loading of rubber-silicone oil
combined damper.

B. ANALYSIS OF THE EFFECTS OF SILICONE OIL ON
DYNAMIC STIFFNESS AND DAMPING OF

COMBINED DAMPER

1) THE DYNAMIC STIFFNESS AND DAMPING
CHARACTERISTICS OF DAMPER IN THE PRESENCE OR
ABSENCE OF SILICONE OIL UNDER DIFFERENT

STRUCTURAL PARAMETERS

Under different structural parameters, the presence or absence
of silicone oil may have a certain influence on the dynamic
stiffness and damping characteristics of the damper. The
influence of outer diameter, inner diameter, height, and wall
thickness on the dynamic stiffness and damping character-
istics of the hollow rubber damper and rubber-silicone oil
combined damper were investigated. Furthermore, the influ-
ence of the presence or absence effect of silicone oil on
the dynamic stiffness and damping characteristics of the
damper under different structural parameters were studied.
As demonstrated in Section 4.1, the deformation and load
generated by the damper under external sinusoidal excitation
will form a hysteresis loop, wherein the slope represents
dynamic stiffness and the area of the hysteresis loop rep-
resents the magnitude of damping. When the outer diam-
eter of the damper changes, the hysteresis loop formed
by the damper under an external excitation of 2 Hz and
0.4 mm is shown in Figure 13. With the same outer diameter,
the dynamic stiffness of the rubber-silicone oil combined
damper and the hollow rubber damper are not significantly
different. As the outer diameter increases, the dynamic stiff-
ness gradually decreases.

The effects of the presence or absence of silicone oil on
the dynamic stiffness and loss factor of the damper under
different structural parameters are shown in Figure 14. The
presence or absence of silicone oil has no significant influ-
ence on the dynamic stiffness and loss factor of the damper.
The dynamic stiffness of the rubber-silicone oil combined
damper is slightly higher than that of the hollow rubber
damper for the same structural parameters, and the loss
factor of the rubber-silicone oil combined damper is also
larger; that is, the presence of silicone oil increases the
loss factor of the damper by about 10%. The silicone oil
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FIGURE 13. Load-deformation curves of damper with or without silicone
oil with different damper outer diameter (a1: Rubber-silicone oil
combined damper with outer diameter of 82 mm, a2: Rubber-silicone oil
combined damper with outer diameter of 90 mm, a3: Rubber-silicone

oil combined damper with outer diameter of 98 mm, b1: Hollow rubber
damper with outer diameter of 82 mm, b2: Hollow rubber damper with
outer diameter of 90 mm, b3: Hollow rubber damper with outer diameter
of 98 mm).

mainly affects the loss factor of the damper, i.e., the damping
characteristics.

2) ANALYSIS OF THE PRESENCE OR ABSENCE EFFECT OF
SILICONE OIL ON DYNAMIC STIFFNESS AND DAMPING OF
DAMPER UNDER DIFFERENT OPERATING CONDITIONS
Simulations of the dynamic characteristics of the damper
with constant dimensions were carried out at an amplitude
of 0.4 mm and external excitation frequencies of 1 Hz, 2 Hz,
3 Hz,4 Hz, 5 Hz, 6 Hz,7 Hz, 8 Hz, 10 Hz,13 Hz and 16 Hz.
The viscosity of the silicone oil was 12.175 kg/(m-s) and all
other settings were constant (reference values). The simula-
tion results are presented in Figure 15. When the amplitude
is constant, the dynamic stiffness of the rubber-silicone oil
combined damper increases with increasing external excita-
tion frequency, and the magnitude of this increase gradually
decreases. At the same frequency, the dynamic stiffness of
the rubber-silicone oil combined damper is slightly larger
than that of the hollow rubber damper. As the frequency
increases, the presence of silicone oil enhances the differ-
ence in dynamic stiffness between the combined and hol-
low damper. Figure 15(b) shows that the loss factor of the
rubber-silicone oil combined damper increases as the external
excitation frequency increases, however, the rate of increase
gradually decreases. At the same frequency, the loss fac-
tor of the rubber-silicone oil combined damper is greater
than that of the hollow rubber damper. When the frequency
increases from 1 Hz to 16 Hz, the difference in loss factor
between the rubber-silicone oil damper and hollow rubber
damper also increase. When the frequency is 16 Hz, the loss
factor of the rubber-silicone oil damper is about 1.5 times
larger compared to the hollow rubber damper. Comparing
Figure 15(a) and 15(b), the presence or absence influence of
silicone oil on the loss factor of the damper is greater than the
influence on dynamic stiffness.
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FIGURE 14. Dynamic stiffness and loss factor of damper in

presence or absence of silicone oil with different hollow rubber ring
dimensions (k1: Dynamic stiffness of hollow rubber damper, k2: Dynamic
stiffness of rubber-silicone oil combined damper, o, : Loss factor of
hollow rubber damper, o, : Loss factor of rubber-silicone oil combined
damper).

Simulations of the dynamic characteristics of the damper
with constant dimensions were carried out at a frequency
of 2 Hz and amplitudes of 0.1 mm, 0.2 mm, 0.4 mm,
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FIGURE 16. Effect of the presence or absence of silicone oil on the
dynamic stiffness and loss factor of the damper at different amplitudes.

0.8 mm, and 1.2 mm. The viscosity of the silicone oil was
12.175 kg/(m-s) and all the other simulation settings were
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FIGURE 17. Effects of silicone oil viscosity on dynamic stiffness and loss
factor of combined damper.

the same as those described above. The simulation results
are presented in Figure 16. Figure 16(a) shows that when the
frequency is constant, the dynamic stiffness of the rubber-
silicone oil combined damper exhibits an overall increasing
trend as the external excitation amplitude increases, however,
the increase is only around 1%. At the same amplitude,
the gap between the dynamic stiffness of the rubber-silicone
oil combined damper and that of the hollow rubber damper
is not obvious, indicating that the presence or absence of
silicone oil at different excitation amplitudes has very little
effect on the dynamic stiffness of the damper. Figure 16(b)
shows that the loss factor of the rubber-silicone oil combined
damper does not change with changes in the external excita-
tion amplitude. At the same amplitude, the loss factor of the
rubber-silicone oil combined damper is greater than that of
the hollow rubber damper.

3) ANALYSIS OF THE EFFECT OF SILICONE OIL VISCOSITY
ON DYNAMIC STIFFNESS AND DAMPING

To study the effect of silicone oil on the dynamic stiffness
and loss factor of the rubber-silicone oil combined damper,
silicone oils with four different viscosities were selected,
as shown in Table 3. Simulations of the dynamic character-
istics of the rubber-silicone oil combined damper were per-
formed. The dimensions of the rubber-silicone oil combined
damper remained unchanged and the external excitation was
also held constant (2 Hz, 0.4 mm). For ease of description
and drawing, the viscosity of O refers to the hollow rubber
damper. The effect of different silicone oil viscosities on the
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dynamic stiffness and damping characteristics are shown in
Figure 17.

Figure 17(a) shows that as the viscosity of the silicone oil
increases, an overall trend of dynamic stiffness of the rubber-
silicone o0il combined damper cannot be clearly observed.
When the viscosity of the silicone oil in the rubber-silicone
oil combined damper increases from 0.096 kg/(m-s) to
12.175 kg/(m-s), the dynamic stiffness of the rubber-silicone
oil combined damper changes by only 0.1%. Within the sim-
ulation range considered in this paper, silicone oil viscosity
was found to have no significant influence on the dynamic
stiffness of the damper. From Figure 17(b), it can be seen that
as the viscosity of the silicone oil increases, the loss factor
of the rubber-silicone oil ring gradually increases. When the
viscosity of the silicone oil increases from 0.096 kg/(m-s)
to 12.175 kg/(m-s), the loss factor of the rubber-silicone
oil combined damper increases by about 10%. Comparing
Figure 17(a) and (b), the silicone oil viscosity mainly affects
the loss factor, i.e., damping characteristics.

V. CONCLUSION

In this study, static and dynamic simulations of a rubber-
silicone oil combined damper were performed in finite
element software. Static and dynamic experiments were car-
ried out using a PA-100 electro-hydraulic servo dynamic
and static universal testing machine to verify the simula-
tion results. The effects of presence or absence of silicone
oil and the viscosity of silicone oil on the static stiffness,
dynamic stiffness, and damping characteristics of the damper
were analyzed. The main conclusions can be summarized, as
follows:

(1) With different structural parameters, the pres-
ence or absence of silicone oil has very little effect on
the static stiffness, dynamic stiffness, and loss factor of
the damper.

(2) The dimensions of the hollow rubber damper have
the same effect on the static and dynamic stiffness
of the damper, which decreases as the outer diameter
of the damper increases and increases with increasing
inner diameter and wall thickness.

(3) The loss factor of the damper is not affected by changes
in the damper structure. When the dimensions remain
constant, there is no obvious difference in stiffness of
the rubber-silicone oil combined damper and that of the
hollow rubber damper; however, owing to the presence
of silicone oil, the loss factor of the rubber-silicone oil
combined damper is about 10% higher.

(4) As the viscosity of the silicone oil increases, the static
stiffness, dynamic stiffness, and loss factor of rubber
silicone oil dampers increase. Within the scope of this
paper, the sensitivity of the three parameters to silicone
oil viscosity is loss factor > static stiffness > dynamic
stiffness.

(5) As the external excitation frequency increases,
the dynamic stiffness and loss factor of the hollow
rubber damper and rubber silicone oil combined
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damper increase. The presence of silicone oil increases
the difference between the dynamic stiffness and the
loss factor.
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