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Abstract. O-ring dampers can be used as vibration-damping elements for short-life, low-cost
engines, and the selection of a suitable rubber superelastic-viscoelastic ontological model to study
their stiffness and damping is an important prerequisite for determining their vibration-damping
characteristics. The superelastic-viscoelastic constitutive model consists of two models,
superelastic and viscoelastic, in which the superelastic model reflects the static characteristics of
the O-ring. Therefore, it is the basis of the study of dynamic characteristics to carry out the research
on the static stiffness of the O-ring and to select an accurate superelastic model to describe its
deformation and recovery characteristics under different working conditions. Based on the fact
that the O-ring is in a small deformation range in the damper and the applicability of finite element
simulation, the Mooney-Rivilin superelastic constitutive model is selected in this paper. Establish
a three-dimensional finite element model of the O-ring damper, focusing on the analysis of the
effect of temperature on the O-ring material properties and damper structure, to reveal the
mechanism of non-linear stiffness change of the O-ring damper. At the same time, the accuracy
of the hyperelastic model is verified by the test method, which lays a foundation for the study of
the dynamic stiffness and damping characteristics of the O-ring. The results show that in the
pre-compression state, there is a large contact pressure between the O-ring and the inner and outer
rings of the damper. The contact pressure increases linearly during the compression process, and
the stiffness of the O-ring changes linearly. In the non-pre-compression state, the contact pressure
is 0, the contact pressure increases nonlinearly during the compression process, and the stiffness
of the O-ring shows obvious nonlinear characteristics. In addition, the static stiffness of the O-
ring increases with the increase of pre-compression amount, increases with the increase of material
hardness, and decreases with the increase of temperature. The above research provides a reference
for selecting the appropriate O-ring material size and installation conditions in the project to ensure
that the O-ring can effectively withstand pressure during use.

Keywords: O-ring damper, nonlinear stiffness, contact pressure, numerical simulation.

Nomenclature

Notation Description

w Potential energy of strain

9 Main stretch ratio in the x direction
Az Main stretch ratio in the y direction
A3 Main stretch ratio in the z direction
Cij Rubber material parameters

D; Material constant

I First-order strain invariants

I, Second-order strain invariants

JOURNAL OF VIBROENGINEERING. AUGUST 2025, VOLUME 27, ISSUE 5 839


https://crossmark.crossref.org/dialog/?doi=10.21595/jve.2025.24806&domain=pdf&date_stamp=2025-08-12

STUDY ON THE VARIATION MECHANISM OF NON-LINEAR STIFFNESS OF RUBBER O-RING.
TING DENG, XUNYAN YN, YUQI YAN, HAILUN ZHOU, RAN ZHANG

I3 Third-order strain invariants

J Volume ratio

L; The original length in the direction of the main axis
Al; The length increment in the direction of the main axis
Cio Rubber material parameters

Co1 Rubber material parameters

G Shear modulus

E Elastic modulus

H, Hardness

AF The load difference between two neighboring measurement points
AX The displacement difference.

K, Stiffness

1. Introduction

Short-lifespan, low-cost engines are commonly used in strategic missiles. These engines have
a very short lifespan, thus requiring them to be simple to manufacture, low in cost, and highly
efficient. Dampers, as important vibration reduction components of the engine rotor system, must
also possess characteristics such as simplicity in manufacturing and low cost, consistent with the
engine's requirements. O-ring dampers utilize rubber O-rings as the damping elements, which
dissipate energy through the viscoelastic damping of rubber under vibrational displacement,
providing effective vibration reduction. They offer advantages such as compact structure, ease of
use, simple manufacturing, low cost, and no pollution. Therefore, applying O-ring dampers to this
type of engine can not only achieve a good vibration reduction effect but also reduce the overall
cost of the engine, demonstrating promising development prospects and economic benefits.

As a vibration-damping element, the stiffness characteristic of rubber material is one of the
important parameters for evaluating the vibration-damping performance, which has received
extensive attention from scholars at home and abroad [1-12]. Selecting an appropriate hyperelastic
constitutive model for rubber is a prerequisite for investigating stiffness characteristics. Zhang
[13] established finite element models for uniaxial compression tests of silicone rubber, nitrile
rubber, and fluor rubber based on the Mooney-Rivlin (M-R) and Yeoh models. The nominal stress-
strain curves and simulations of these three rubber materials were compared. The results
demonstrated that the M-R model is suitable for small deformation behaviors of rubber, while the
Yeoh model better describes large deformation behaviors. Li [14], addressing the tendency of the
Yeoh model to underpredict stiffness, proposed a modified Yeoh hyperelastic constitutive model
based on the large deformation theory of continuum mechanics. The results indicated that the
Yeoh model can accurately predict stress-strain relationships under uniaxial, planar, and
equibiaxial tension-compression across a wide strain range. As evidenced by these studies, the
M-R model provides more accurate descriptions of the static characteristics of O-rings due to the
small deformation features of O-ring dampers.

The determination of M-R model parameters currently relies on two primary methods:
experimental testing and empirical formulas. Zheng [15] employed nonlinear finite element
analysis and axial compression tests to determine the mechanical property constants C; and C, of
rubber materials for the M-R model. Wang [16] investigated the relationship between the stiffness
and hardness of rubber components. By leveraging rubber hardness experimental data, he
established an exponential quadratic nonlinear function linking hardness to M-R model
parameters, thereby converting the relationship between elastic modulus and hardness into one
between elastic modulus and material parameters C; and C,. Luo [17] studied the performance of
rubber vibration isolation bearings in marine corrosion environments, determining M-R model
parameters via empirical formulas and observing linear variations in bearing stiffness.

In summary, both experimental testing and empirical formulas can yield hyperelastic model
parameters. However, for systematic investigation of the influence of O-ring hardness on its
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mechanical properties, empirical formulas offer greater convenience for determining M-R model
parameters. To validate the accuracy of this approach, this paper proposes static stiffness tests to
measure the static stiffness of O-rings.

Domestic research on the stiffness and damping characteristics of rubber O-rings commenced
relatively early. In 1987, Yin [18] experimentally measured the stiffness coefficients of O-rings
supporting gas bearings, focusing on the effects of rubber material, supply pressure, and
installation compression on stiffness. Qi et al. [19] employed the Mooney-Rivlin model to
simulate the stiffness of rubber elastic wheels via finite element analysis, investigating the
influence of wheel structure and press-fitting on stiffness characteristics. Chen [20] conducted
experimental and numerical studies on the static stiffness of rubber vibration isolation rings,
examining the effects of ring structure and rubber material hardness on stiffness. Horton et al.
[21, 22] calculated the stiffness of rubber bushings using a nonlinear shape factor method. Lin
[23] analyzed the temperature characteristics of rubber standard blocks and obtained correction
coefficients for hardness values at different temperatures. Elshabrawy et al. [24-28] proposed a
computational model to predict the nonlinear behavior of rubber materials. As evidenced by these
studies, research on rubber material stiffness has primarily focused on material hardness and
vibration isolation structure impacts. Rubber stiffness often exhibits linear variations in these
works, failing to capture its nonlinear characteristics, while the underlying mechanisms driving
this linear behavior remain unclear. Additionally, although high temperatures during engine
operation necessitate consideration of thermal effects on O-ring stiffness, existing studies have
not accounted for temperature influences, leaving the investigation of rubber material stiffness
characteristics incomplete.

Therefore, it is necessary to carry out a systematic study on the stiffness characteristics of
O-ring dampers, including the static stiffness and dynamic stiffness of O-ring dampers. The static
stiffness is used to evaluate the static performance of the O-ring damper, based on the
hyperelasticity principal model of the rubber material; the dynamic stiffness is used to evaluate
the dynamic performance of the O-ring damper, based on the hyperelasticity-viscoelasticity
principal model of the rubber material. Therefore, the selection of a suitable hyperelastic principal
model to accurately describe the static properties of O-rings is the basis for carrying out the study
of their dynamic properties, which has a crucial impact on the vibration damping performance of
O-ring dampers.

In summary, this study focuses on investigating the static characteristics of O-rings. First, the
Mooney-Rivlin (M-R) hyperelastic constitutive model for rubber materials is established. Model
parameters are determined using two approaches — uniaxial tensile tests and empirical formulas —
with the stiffness results from both methods compared to define the criteria for hyperelastic model
parameter selection. Based on this, finite element simulations of O-ring stiffness are conducted,
and experimental tests are employed to validate the accuracy of the hyperelastic constitutive
model. Finally, the effects of temperature, installation interference, and material hardness on
O-ring stiffness are analyzed. Special attention is given to the thermal deformation of the damper’s
inner and outer rings under engine operating temperatures. By coupling the pre-compression and
hardness of O-rings, the variation mechanism of nonlinear stiftness in O-ring dampers is revealed.

Through this research, a deeper understanding of the deformation and recovery characteristics
of O-rings under various working conditions is achieved, guiding the selection of appropriate
O-ring materials and dimensions in engineering design to ensure effective pressure-bearing
performance during service. In subsequent studies on the vibration damping characteristics of
O-ring dampers, the hyperelastic model developed here will be combined with a viscoelastic
model to investigate dynamic stiffness and damping properties. Therefore, the investigation of
O-ring damper static characteristics is essential, as it serves as the foundation for dynamic
characteristic research.
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2. Finite element calculation of static stiffness
2.1. Hyperelasticity principal model theory

Rubber is a hyperelastic approximately incompressible material, and the intrinsic relationship
of rubber materials can be described according to the strain energy function based on the
image-only theory. The image-only theory assumes that rubber is isotropic in the undeformed state
as well as during deformation. Mooney [13, 17] derived the strain energy function based on the
image-only theory of large elastic deformation as:

W=C (A2 423+ 22 -3)+ C,(A7% + 132 + A32), (1)

where, A,, A,, A3 is the main stretch ratio in all three directions.

Rivlin [13, 17] introduced strain invariants into the strain energy function. Based on the above
assumptions, the strain energy function is considered to be symmetric with respect to the three
principal stretch ratios, i.e., changing the sign of the principal stretch ratios has no effect on the
strain energy function. In order to satisfy the boundary condition that the strain energy is zero at
zero strain (1; = A, = A3 = 1), the strain energy function is given as:

N N
W= Cylh -3 -3) + Y 1/D( - D @
itj=1 i=1
L=24+25+23, 3)
I, = 525 + 2325 + 1373, )
I; = A2232%, (5)
A= ﬂ, (i =1,23), (6)
L

where, I, I,, I, are first-, second-, and third-order strain invariants; D; is a material constant; J is
volume ratio; [; is the original length in the direction of the main axis; Al; is the length increment
in the direction of the main axis. Due to the incompressibility of rubber, 231212 = 1.

Based on the intrinsic model of rubber derived by Rivlin, various other forms of strain energy
functions have been developed. There are Mooney-Rivlin model, Yeoh model, Neo-Hookean
model, etc.; for general rubber materials, Mooney-Rivlin model can more accurately describe the
performance of rubber materials with deformation less than 150 % [19], and is suitable for finite
element analysis. Therefore, the Mooney-Rivlin model is chosen to simulate the superelastic
characteristics of O-rings, and the first two items are expanded by taking N = 1 on the basis of
the Rivlin model, i.e., it is the Mooney-Rivlin model, and its strain energy function is:

1
W =Cio(l; =3) + Cp1(I; —3) + D —1)% (7

where, C;, and Cy, are rubber material parameters.

For incompressible rubber materials (Poisson’s ratio v = 0.5), the shear modulus G is related
to the elastic modulus E at small strains as follows:

E

vy

(®)

When Poisson’s ratio v is approximately taken as 0.5, it can be obtained that E = 3G, and at
the same time G = 2(C;( + Cy1), it can be obtained that the elastic modulus of the rubber material
has the following relationship with the material parameters:

842 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460



STUDY ON THE VARIATION MECHANISM OF NON-LINEAR STIFFNESS OF RUBBER O-RING.
TING DENG, XUNYAN YN, YUQI YAN, HAILUN ZHOU, RAN ZHANG

_ Co1
E=6C,(1+2). 9)
ClO

In literature [15], the relationship between IRHD hardness, H,., and elastic modulus, E, was
fitted from experimental data as:

lgE = 0.0198H, — 0.5432. (10)
According to literature [17], when Cy,/C;o = 0.25 and the hardness of the O-ring is 70 A,
Cio = 0.9284 MPa and C; = 0.2321 MPa are obtained.

2.2. O-ring damper structure

In this paper, the O-ring damper structure used to match an engine, damper inner and outer
ring between the arrangement of 2 rings O-ring (due to the symmetry of the 2-ring O-ring
structure, in the schematic diagram only indicates a single O-ring) local structure schematic shown
in Fig. 1. Among them, the O-ring material is fluorine rubber, the inner and outer sides of the
O-ring are the inner and outer rings of the damper, the material of the inner and outer rings is
structural steel, and the part of the geometric model that overlaps is the O-ring’s excess. The
parameters of the structural part of the damper are shown in Table 1.

2.3. O-ring static stiffness finite element analysis
2.3.1. Modeling and meshing

In this paper, the finite element software Ansys is used to simulate the static characteristics of
the O-ring damper, and its three-dimensional model is shown in Fig. 2. In order to improve the
calculation speed, the inner and outer rings of the damper are simplified. The bearing and elastic
support are simplified as the inner ring, the magazine is simplified as the outer ring, two
symmetrically positioned O-rings are mounted on the grooves of the inner ring, and the oil supply
holes and rounded corners, Ignore the oil supply holes and rounded corners which have less effect
on stiffness, which have a small influence on the stiffness, are ignored. In order to avoid the
deformation of the inner and outer rings having a large impact on the stiffness of the O-ring, the
modulus of elasticity of the inner and outer rings is much larger than that of the O-ring, which is
treated as a rigid body.

ds d|D

r

L

Fig. 1. Structure diagram of O-ring damper

Table 1. Structural parameters of O-ring damper

Inner ring Inner Bottom Inner O-ring cross-
. . Groove Groove . f
outer diameter of diameter of depth T width b diameter of sectional
diameter d outer ring D groove D3 P O-ring d, diameter d
75 75.22 72.2 1.4 2.15 71 1.8
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To facilitate meshing and ensure mesh quality, the O-ring is split from the inner ring of the
damper. The cell type is selected as 186 cells. The mesh is made of hexahedral cells, and the mesh
is encrypted for the cross section of the O-ring. After the mesh-independence verification, the
static stiffness of the O-ring tends to be stabilized when the circumferential mesh size of the O-ring
is 0.5 mm and the cross-section mesh size is 0.2 mm. Considering the computational accuracy as
well as the computational resources, the circumferential mesh of the O-ring is selected to be
0.5 mm, and the cross-section mesh to be 0.2 mm.

2.3.2. Contact setup

There is contact between the O-ring and the inner surface of the outer ring and the groove. As
the outer ring squeezes the rubber O-ring to different degrees, the area of the contact surface
between the O-ring and the outer ring and the groove changes all the time, and there is a high
degree of non-linearity in this contact. Applying the three-dimensional surface contact units
CONTA174 and TRAGE170 to establish contact pairs at the O-ring and the inner and outer rings,
the surface of the O-ring is used as the contact surface, and the surface in contact with it is used
as the target surface. There is permeability between the contact pairs, and the smaller the
permeability tolerance is, the higher the computational accuracy is, and at the same time, the more
difficult it is to converge. Considering the computational accuracy of the model and the
convergence problem, the contact algorithm adopts the augmented Lagrangian method, and the
permeability tolerance is taken as 0.01 mm.

outer ring

O-ring

inner ring

a) Finite element modeling b) Schematic diagram of gridding
Fig. 2. Three-dimensional model of O-ring damper

2.3.3. Boundary conditions and numerical solution

According to the assembly and loading process of the O-ring, the loading step is divided into
two steps, as shown in Fig. 3.

|315‘ x=0.1lmm
The first The second
loading step loading step

Fig. 3. Assembly and loading process of the O-ring

In the first step, a geometric modeling of interference is used to simulate the interference
assembly of the O-ring with the inner ring. The surface of the inner ring of the damper is fixedly
supported, and the sides of the outer ring are free in the radial direction, constraining the freedom
in the remaining two directions. In the second step, the extrusion process of the outer ring on the
O-ring is simulated. In order to prevent the force applied to the outer ring from being too large to
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cause the inner and outer rings to collide, which would cause the stiffness to vary greatly, the
displacement load is used instead of the force load. Considering that the actual gap between the
inner and outer rings is 0.11 mm, a displacement load of 0.1 mm linearly increasing along the
x-direction is applied to the outer surface of the outer ring.

2.3.4. Analysis of numerical simulation results

The displacement cloud of the O-ring damper after the interference assembly as well as the
compression process is shown in Fig. 4. The inner ring of the damper is fixed during assembly,
and the radial reaction force on the outer ring when the O-ring is recovered from interference is
uniformly distributed and counteracts each other, so that the inner and outer rings do not move
and the radial reaction force on the outer ring is zero. When the outer ring is compressed in the
x-direction, one end of the O-ring is squeezed and one end is released slowly, the radial reaction
force on the outer ring at the squeezed end increases, and the radial reaction force on the outer
ring at the released end decreases, so that the outer ring is subjected to an increase in the total
radial reaction force along the x-direction.

Displacement/mm Displacement/mm
0.59206 Max 0.59525 Max

E 0.52627 E 0.52911
0.46049 0.46297

| 03947 I 039683
0.32892 | 033069
0.26314 0.26455
019735 0.19842
0.13157 0.13228
0.065784 0.066139
0 Min 0 Min

a) Displacement cloud after interference assembly b) Compressed displacement cloud

Fig. 4. Displacement cloud diagram of O-ring damper

The radial reaction force of the O-ring on the outer ring during the extrusion process is
calculated, and the difference between the neighboring loads and displacements is used to
calculate the static stiffness of the O-ring in this system, and the results are shown in Fig. 5.

200
180

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Deformation(mm)

Fig. 5. Stiffness characteristics of the O-ring under 0.29 mm compression

The stiffness equations are as follows:

AF

K, = —
TAX

(11

where AFis the load difference between two neighboring measurement points; AX is the
displacement difference.
The results show that although the rubber material is a nonlinear material, the static load of the
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O-ring shows an approximately linear relationship with the change of displacement, and the
stiffness magnitude is 1.8939x10° N/m. This is because the maximum gap between the inner and
outer rings of the damper is only 0.11 mm, each time the displacement of the O-ring increases in
0.01 mm or so, until its displacement reaches 0.1 mm; and the interference fit leads to the O-ring
in the initial moment there has been 0.29 mm of pre-compression, pre-compression makes the
O-ring and the inner and outer rings of the damper between the contact pressure is greater.
Therefore, the stiffness results show an approximately linear relationship.

3. Static stiffness test

In order to successfully carry out the subsequent research on the dynamic characteristics of the
O-ring damper and to verify the accuracy of the Mooney-Rivlin superelastic intrinsic model, the
static stiffness characteristics of the O-ring were experimentally tested.

3.1. Test program

In order to study the stiffness characteristics of O-rings, a static stiffness test rig for O-rings
was designed and constructed, as shown in Fig. 6, and the main test equipment included: O-ring,
force transducer, displacement transducer, damper inner and outer rings, etc. In this case, the
squirrel cage elastic support is used as the damper outer ring, and the shaft as the inner ring. O-ring
static stiffness determination is to simulate its working force in non-working condition. In the
operating condition, the vibration of the journal is transmitted to the inner surface of the inner ring
and the actual load is applied to the inner ring. During the test, in order to facilitate the test, a
horizontal tension force is applied to the outer ring of the O-ring damper, and a displacement
sensor is set up on the opposite side of the tension direction. After applying the force to the O-ring,
its deformation under different static loads is measured, so as to determine its stiffness
characteristics.

l.displacement 2 inner ring 3.outer ring 4 force 5.loading
transducer transducer device

Fig. 6. O-ring static stiffness test-bed

3.2. Analysis of test results

The O-ring static stiffness test results and simulation calculations are shown in Fig. 7. The
overall trend of the simulation and experimental curves is consistent, and the experimental test
static stiffness magnitude is 1.799x10%N/m. The error between the simulated and tested values is
within 5.27 %. This proves the accuracy of the selection of the O-ring superelastic intrinsic model
and the rationality of the finite element modeling method. The error between the simulation and
the test comes from the assembly of the test piece and the machining error that makes the gap
between the inner and outer rings deviate from the actual value.

4. Analysis of factors affecting the static stiffness of O-rings

In the actual assembly, the interference fit makes the O-ring acquire a certain amount of
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pre-compression, resulting in a sufficiently large contact pressure between the O-ring and the inner
and outer rings of the damper, while the maximum displacement deformation of the test loading
is only 0.1 mm, so the stiffness characteristics of the O-ring varies linearly in the above tests and
simulations. In order to eliminate the limitation of the test structure, the static stiffness of the
O-ring will continue to be simulated using the Mooney-Rivlin model in this section to obtain the
nonlinear characteristics of the O-ring stiffness.

200

A
180+ A
v
160 e
140} o &
—~ e -
Z 120t P
§ /,;*’
s 100 ) 7*/,
80} -
/x
60 /}/ ©® Experimental
a0l x,’* <+ Numerical simulation |
202 N . N N " N "
0.01 0.02 003 0.04 005 0.06 007 0.08 009 0.1

Deformation (mm)

Fig. 7. Comparison of O-ring stiffness test and simulation under 0.29 mm compression
4.1. Effect of precompression on static stiffness of O-rings

During engine operation, the proper amount of pre-compression will provide sufficient contact
pressure between the O-ring and the inner and outer rings to realize the sealing effect while
providing sufficient support stiffness. In this section, the effect of pre-compression on the static
stiffness of O-rings is investigated by adjusting the outer ring size to change the amount of O-ring
pre-compression. The relationship between the outer ring size and the amount of pre-compression
is shown in Table 2.

Table 2. Relationship between outer ring size and pre-compression amount
Inner diameter of outer ring (mm) | 75.22 | 7532 | 7542 | 75.8
pre-compression (mm) 029 | 0.24 | 0.19 0

The contact state of the O-ring without pre-compression is illustrated in Fig. 8(a). In this
scenario, the cross-sectional diameter d; of the O-ring equals the distance e; from the groove
bottom to the outer ring (d; = e;). After assembly, no contact pressure exists between the
damper’s outer ring and the O-ring. Fig. 8(b). depicts the contact state under pre-compression.
Here, the O-ring’s cross-sectional diameter d; exceeds the distance e; from the groove bottom to
the outer ring (d; > e,). Following interference assembly, contact pressure develops between the
outer ring and the O-ring, with both the contact width and pressure increasing as the outer ring
compresses the O-ring.

Outer ring

No initial contact pressure

—

Inner ring

Outer ring

Contact pressure

=

Inner ring

a) O-ring contact state without pre-compression b) O-ring contact state with pre-compression
Fig. 8. Contact state between the O-ring and the outer ring of the damper with and without pre-compression
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Fig. 9. shows the stiffness characteristics of the O-ring under different pre-compressions. From
the stiffness change rule, in the pre-compression state, the O-ring stiffness curve basically
maintains the linearity; while in the state without pre-compression, the O-ring stiffness increases
continuously with the displacement increase, and shows obvious non-linear characteristics.

x10°

- ———@——— O — O ——— @~

S M Sn s Sy

i ko= yo— Y — v —  N— WV — — poss
212+
3
& ® 0.29mm
Z 09¢ + 0.24mm
A 0.19mm
061 B Omm
L
0.3} - [ o - 1
- n
0.0 ] . ; X . . ;
0.02 003 0.04 005 006 007 008 009 0.1

Deformation (mm)

Fig. 9. The variation curve of O-ring stiffness with displacement under different pre-compressions

In order to analyze this phenomenon, the contact pressure (hereinafter referred to as “contact
pressure”) of the entire O-ring before the start of loading with and without pre-compression was
calculated, and the results are shown in Fig. 10. It can be found that when there is pre-compression
(interference fit), contact pressure is generated where the O-ring contacts the inner and outer rings,
and the maximum contact pressure is located at the centre of the contacting segment and decreases
gradually to both sides, while when the pre-compression is 0 (no interference fit), there is no
contact pressure. As the displacement of the O-ring increases, its contact pressure with the inner
and outer rings increases, as shown in Fig. 11.

Contact pressure/MPa Contact pressure/MPa

2.0111 Max
E 1.7876
1.5642

1 1.3407
1.1173
0.89382
0.67036

1.6807 Max
1.494
1.3072
1.1205
0.93374
0.74699
0.56024

0.44691 0.3735
022345 0.18675

0 Min 0 Min

a) Pre-compression of 0.29 mm b) Pre-compression of 0.24 mm

Contact pressure/MPa Contact pressure/MPa

1.3754 Max 0.84936 Max
0.75498
1.2226
0.66061
1.0698
0.56624
0.91696
0.76413 0.47187
0461 13 0.37749
030565 orea7s
g?g;gz 0.094373
0 Min 0 Min
c) Pre-compression of 0.19 mm d) Pre-compression of 0 mm

Fig. 10. Initial contact pressure of the O-ring under different pre-compressions

Combining Fig. 10. and Fig. 11, it can be found that when there is precompression of the
O-ring, the contact pressure increases linearly with the increase of displacement. 0.29 mm of
precompression, the initial maximum contact pressure is 2.01 MPa, and when the displacement of
the O-ring is increased by 0.01 mm, the contact pressure is only increased by about 0.1 MPa; when
the displacement of the O-ring is increased to a maximum of 0.1 mm, the contact pressure is
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increased by a total of about 0.7 MPa. For the 0.24 mm and 0.19 mm pre-compressed states,
similar results also occur. This indicates that the increase in contact pressure during compression
of the O-ring is much smaller than the initial contact pressure, while the contact pressure increases
linearly, and both of them together make the O-ring unable to show nonlinear characteristics.
While the initial contact pressure is 0 when the O-ring is not pre-compressed, the contact pressure
increases by a total of about 0.9 MPa as the displacement increases to 0.1 mm, and at the same
time, the contact pressure increases nonlinearly with the increase of displacement, so that the
O-ring exhibits an obvious nonlinear characteristic. In addition, the contact pressure increases as
the amount of pre-compression increases, so the stiffness of the O-ring increases as the amount of
pre-compression increases.
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Fig. 11. The contact pressure of O-ring changes with displacement under different pre-compression

4.2. Effect of hardness on static stiffness of O-rings

Fluoroelastomers are highly stable and can withstand high temperatures, oil media, and a wide
range of chemicals. And for the same fluoroelastomer material with different hardness, its material
properties will be different. Keeping the structural dimensions of the O-rings unchanged, the static
stiffness characteristics under the hardnesses of 65 A, 70 A, 75 A, 80 A, and 85 A were examined
respectively, the hardness of the rubber material was changed, and the corresponding parameter
values of the M-R model could be obtained according to Eq. (9) and Eq. (10), and the other
constraints and loading conditions remained unchanged.
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Fig. 12. Changes of stiffness of three kinds of hardness O-rings
with displacement without pre-compression

The simulation results for the influence of O-ring hardness on static stiffness under no
pre-compression are shown in Fig. 12. As illustrated, the static stiffness of the O-ring increases
with higher hardness under no pre-compression. This is attributed to the increased elastic modulus
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of the rubber material at greater hardness, which enhances its resistance to deformation, thereby
elevating stiffness. Additionally, all three hardness levels of O-rings exhibit pronounced nonlinear
characteristics in the absence of pre-compression.

Fig. 13. shows the curve of O-ring stiffness versus hardness with precompression. Similar to
the case without pre-compression, the stiffness of the O-ring with pre-compression also increases
with the increase of O-ring hardness. At 0.29 mm pre-compression, the hardness change from
65 A to 85 A increased the stiffness by 2.24x10°N/m. At 0.24 mm pre-compression, the stiffness
increases by 1.91x10° N/m. The stiffness increased by 1.63x10° N/m at 0.19 mm of
pre-compression. This means that the higher the pre-compression, the more the O-ring stiffness is
affected by the hardness.
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Fig. 13. The variation curve of O-ring stiftness with hardness during pre-compression
4.3. Effect of temperature on static stiffness of O-rings

During engine operation, its temperature changes constantly, causing the temperature of the
O-ring damper to change as well. Temperature changes will cause thermal deformation of the
inner and outer rings of the damper, and at the same time, change the hardness of the O-ring. The
rubber material properties are related to temperature as follows:

(12)

where H,; is the hardness of the material at ambient temperature T; H,. is the hardness of the
material at standard room temperature; T is the ambient temperature; [ is the temperature
correction coefficient, and f =—0.13 is taken in the range of 70 A-75 A [23]. An increase in
temperature leads to a decrease in the hardness of O-rings. The relationship between rubber
hardness and temperature is described by Eq. (12). Based on the correlation between rubber
hardness and elastic modulus in Eq. (10), the material parameters of O-rings under varying
temperatures are derived and summarized in Table 3.

Hye = Hyg + (T — 23),

Table 3. Effect of temperature on O-Ring material parameters

T (°C) | H, (A) | E (MPa) | C1 (MPa) | Co; (MPa)
50 66.5 5.94 0.7915 0.1979
100 60 441 0.5885 0.1471
150 | 53.5 3.8 0.4376 0.1094
200 47 2.44 0.3253 0.0813

First, excluding the effect of temperature on the inner and outer rings of the damper, only the
effect of temperature on the O-ring must be considered. Fig. 14. shows the results of the effect of
operating temperature on the static stiffness of O-rings without pre-compression. From the fig, it
can be seen that the static stiffness of the O-ring decreases with the increase in temperature, which
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is due to the decrease in the hardness of the O-ring caused by the increase in temperature [23], and
the modulus of elasticity decreases, and the ability of the O-ring to resist deformation is reduced,
thus the stiffness decreases. In addition, the stiffness of O-rings at different operating temperatures
without pre-compression shows obvious non-linear characteristics.
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Fig. 14. The change of stiffness of O-ring with displacement at three temperatures without pre-compression

Fig. 15. shows the wvariation curve of O-ring stiffness with temperature during
pre-compression. Similar to the case without pre-compression, the stiffness of O-rings with
pre-compression similarly decreased with increasing temperature. The stiffness decreased by
1.23x10°N/m for 0.29 mm of pre-compression, 1.05x10° N/m for 0.24 mm of pre-compression,
and 0.89x10°N/m for 0.19mm of pre-compression for the range of temperature change from 23 °C
to 200 °C. It shows that the O-ring stiffness is more affected by temperature at higher
pre-compression.
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Fig. 15. The change curve of O-ring stiffness with temperature during pre-compression

Secondly, the thermal deformation effects of the damper’s inner and outer rings under
temperature variations are further considered. As temperature increases, the inner ring expands
outward, enlarging the diameter of the groove base. In this study, the referenced engine structure
features a fixed outer ring (structural schematic in Fig. 16(a)), where the outer ring contracts
inward due to thermal expansion, reducing the squeeze clearance c, thereby increasing the
pre-compression and contact pressure. For comparative analysis, the scenario of a freely
expanding outer ring surface is also examined (structural schematic in Fig. 16(b)), where outward
thermal expansion of the outer ring enlarges the squeeze clearance c, leading to reduced
pre-compression and contact pressure. The clearance variations of the damper under different
temperatures are listed in Table 4, where ¢; = 0.11 mm, represents the initial clearance before
deformation, and c, denotes the post-deformation clearance.
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Fig. 16. Effect of temperature on damper structure at different

Table 4. Effect of temperature on damper gap

. ¢, (mm)
T () Fixed boundary | Free boundary
50 0.107 0.122
100 0.102 0.144
150 0.097 0.164
200 0.092 0.188

After coupling the thermal deformation of the inner and outer rings of the damper with the
change in the hardness of the O-ring, the effect of temperature on the static stiffness of the O-ring
under pre compression of 0.29 mm is shown in Fig. 17.

3
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Fig. 17. Variation curve of static stiffness of O-ring with temperature
considering deformation of inner and outer rings

In both cases, the static stiffness of the O-ring gradually decreases with the increase of
temperature and the trend of change gradually slows down. The higher the temperature, the smaller
the effect of temperature on the static stiffness of the O-ring. When the outer ring is fixed, the gap
is smaller than when the outer ring is free, and the contact pressure is greater, so the static stiffness
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of the O-ring is greater. And as the temperature increases, the difference in static stiffness between
the two cases increases from 4.4 % to 20.4 %.

5. Conclusions

This paper takes the O-ring damper as the research object, uses the numerical simulation
method to study the static stiffness characteristics of the rubber O-ring, and analyzes the influence
law of different factors on the static stiffness of the O-ring, especially couples the thermal
deformation of the inner and outer rings of the damper and the hardness change of the O-ring, and
examines the influence of temperature on the static stiffness of the O-ring; at the same time, the
experimental test is used to verify the accuracy of superelasticity intrinsic model, and lays the
foundation of the study of the O-ring’s dynamic At the same time, experimental tests are used to
verify the accuracy of the superelastic constitutive model, which lays the foundation for the study
of O-ring dynamic stiffness and damping characteristics, and is of guiding significance for the
selection and installation of O-rings as well as the design of damper structure. The results of the
study are as follows:

1) The static stiffness and contact pressure of O-rings increase with the increase of
pre-compression. The static stiffness and contact pressure of O-rings show nonlinear changes at a
pre-compression amount lower than 0.19 mm; at a pre-compression amount higher than 0.19 mm,
the stiffness and contact pressure of O-rings show linear changes. In order to eliminate the effect
of uncertainty brought about by the nonlinear stiffness of the O-ring, it should be ensured that the
pre-compression of the O-ring is more than 0.19 mm, and at the same time, the pre-compression
should not be too large, so as to avoid that the O-ring arrives at the service life prematurely.

2) The static stiffness of the O-ring increases with the increase in the hardness of the rubber
material. And the greater the amount of pre-compression, O-ring stiffness is affected by the
hardness of the greater. In the case of ensuring a suitable amount of pre-compression so that the
O-ring stiffness linear change, can choose to adjust the hardness of the material to adjust the static
stiffness of the O-ring.

3) The static stiffness of the O-ring decreases with the increase of temperature, and the trend
of decrease is slowing down, indicating that the higher the temperature, the effect of temperature
on stiffness decreases. The larger the amount of pre-compression, the greater the effect of
temperature on the static stiffness.

4) Under the consideration of the effect of temperature on the deformation of the inner and
outer rings, when the outer surface of the outer ring is fixed, the temperature increase will make
the extrusion gap of the O-ring smaller and the static stiffness of the O-ring increase; when the
outer surface of the outer ring is free, the temperature increase will make the extrusion gap of the
O-ring larger and the static stiffness of the O-ring decrease. The higher the temperature, the more
pronounced the difference between the two. Constraining the outer surface of the outer ring will
have a compensating effect on the static stiffness of the O-ring.

The research in this paper proves that the Mooney-Rivlin model can accurately describe the
superelastic properties of O-rings, laying a foundation for the subsequent establishment of
superelastic-viscoelastic models and dynamic characteristic research. In practical applications, on
the one hand, O-rings with high hardness, large cross-sectional dimensions, and high temperature
resistance can be selected; on the other hand, when designing the damper structure, the depth of
the damper groove can be reduced to increase the compression of the O-ring, thereby improving
the vibration damping performance of the O-ring damper.
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