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Abstract. To resolve the sealing deficiencies of actuator O-rings under cryogenic conditions and high-pressure
environments, this study systematically analyzes the sealing performance of elastomeric O-rings, considering
the hyperelastic properties of rubber materials and the nonlinear characteristics of contact friction. A two-
dimensional axisymmetric finite element model was developed in ANSYS to analyze the effects of temperature,
oil pressure, retaining rings, and O-ring dimensional variations on sealing performance. The results indicate that
the combined use of a retaining ring and an O-ring enhances the sealing contact pressure of the O-ring, effec-
tively preventing extrusion between the O-ring and the cover plate gap. Under cryogenic conditions (− 55 °C),
the interface contact pressure between the cover plate and O-ring exhibits a 1.9 MPa reduction relative to ambient
temperature (25 °C), consequently amplifying the potential for sealing failure. Furthermore, dimensional anal-
ysis reveals that increasing the O-ring cross-sectional diameter enhances the interface contact pressure, thereby
improving the sealing efficacy. From a safety and reliability perspective, it is recommended that the O-ring di-
ameter be no less than 1.50 mm, with a maximum allowable assembly gap of 0.02 mm. These findings provide a
methodological framework and theoretical guidance for the design and optimization of actuator sealing systems
with different O-ring materials, sealing structures, and working environments.

1 Introduction

The design and manufacture of actuators have long posed
complex and challenging engineering problems. In practice,
actuators are subjected to the combined effects of internal
oil-pressure surges and extreme temperature variations, ren-
dering sealing components susceptible to extrusion and oil
leakage, ultimately causing seal failure. A common approach
is to select an O-ring at the upper limit of its dimensional tol-
erance to increase the compression ratio and enhance sealing
performance. However, even with this measure, additional
oil-pressure impact and low-temperature environmental tests
are required to verify sealing performance. The uncertainty
of verification results leads to prolonged testing cycles and
increased costs. At present, direct experimental measurement
of contact pressure at the interface between servo valves and
small actuators under low-temperature conditions faces sev-
eral technical limitations. For example, most pressure sen-
sors and strain gauges exhibit sensitivity degradation or even

failure in low-temperature environments. Moreover, mount-
ing pressure sensors at the contact interface can alter the
original contact conditions, thereby compromising measure-
ment accuracy under in-service conditions. Additionally, the
complex geometry and uneven pressure distribution of the
sealing interface, along with the challenges of capturing dy-
namic working states, further increase the difficulty and cost
of experimental measurements. If complex actuator sealing
experiments could be avoided, and instead, an efficient finite
element modeling (FEM) approach used to identify the key
factors affecting sealing performance and to guide targeted
design optimizations, the development efficiency and relia-
bility of sealing structures would be significantly improved.

In recent years, many researchers have conducted stud-
ies on O-ring sealing performance. Karaszkiewicz (1990) de-
rived equations to determine the geometric parameters, con-
tact pressure, and contact force of O-rings within the sealing
groove during loading and unloading. Wu et al. (2024b) de-
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veloped an idealized two-dimensional finite element model
to analyze the effects of three types of surface defects on
O-ring sealing performance. Qu et al. (2013) utilized AN-
SYS/LSDYNA to simulate the compression deformation be-
havior, stress field distribution, and elastic recovery charac-
teristics of sealing rings under different loading conditions.
The results indicate that the primary factors influencing the
elastic properties of rubber sealing materials are the diame-
ter and compression ratio. Li (2023) investigated the sealing
behavior of O-rings under a high-pressure environment of
40 MPa, covering the installation, static pressurization, and
reciprocating motion phases. Liang et al. (2019) analyzed
failure mechanisms and failure modes of O-rings, establish-
ing a reliability model for rubber O-ring seals and investi-
gating the influence of parameter randomness on O-ring re-
liability. Zhang and Xie (2018) studied the effects of com-
pression ratio, fluid pressure, velocity, and friction coefficient
on the mechanical behavior, sealing performance, and fail-
ure modes of O-rings. Their findings revealed that, in static
sealing applications, the maximum stress occurs inside the
O-ring rather than on its surface, and the contact pressure in-
creases with fluid pressure, while sealing performance im-
proves with higher compression ratios. Zhao et al. (2025)
conducted tensile tests, finite element simulations, and vibra-
tion experiments to investigate the nonlinear dynamic behav-
ior of O-rings under different working conditions. The study
revealed that O-ring stiffness and damping decrease with in-
creasing vibration amplitude but increase with rising fluid
pressure, consistent with the observed hysteresis in experi-
ments. Melly et al. (2021) systematically reviewed 15 rep-
resentative isotropic hyperelastic material models. Through
comparative evaluation of model predictions under uniaxial,
biaxial, and pure shear loading against Treloar’s experimen-
tal data, they find that incorporating both deviatoric and vol-
umetric terms and considering material compressibility sig-
nificantly improve predictive performance in finite element
simulations. Yang et al. (2023) investigated the coupling ef-
fect of compression ratio and sealing groove parameters on
the sealing performance of an O-ring skeleton seal for a
cutter-changing robot storage tank gate through an orthog-
onal experimental design combined with numerical simula-
tions. The study revealed that the interaction between these
parameters plays a dominant role in determining sealing per-
formance, emphasizing that multi-parameter coupling effects
should be considered rather than single-factor optimization
in O-ring seal design. Jin and Che (2024) investigated the
stress relaxation behavior of rubber O-rings under the com-
bined effects of temperature, pressure, and compression rate
by monitoring the contact force retention ratio. The study re-
vealed that although a higher compression ratio increases the
initial contact force, the greater compression ratio results in
greater attenuation of contact force and longer attenuation
time; meanwhile, the temperature of the medium hurts the
contact force retention rate, while the pressure of the medium
is conducive to stabilizing the contact force retention rate.

Repplinger et al. (2024) combined low-temperature mechan-
ical testing with finite element analysis to evaluate the influ-
ence of temperature-dependent properties on the sealing con-
tact behavior of elastomeric O-rings. The study revealed that
the reduction in contact pressure and the occurrence of leak-
age at sub-zero temperatures are mainly attributed to the ther-
mal contraction of the elastomer and the loss of its elastic re-
covery capability. Deng et al. (2025) established a Mooney–
Rivlin-based finite element model of an O-ring damper to
analyze the nonlinear material variation mechanism and ver-
ified the model accuracy through experiments. The study in-
dicated that under pre-compression conditions, the O-ring
maintains a substantial contact pressure with both the in-
ner and outer rings of the damper, and this contact pressure
shows a linear increase with further compression. In con-
trast, in the absence of pre-compression, the initial contact
pressure is zero, and the contact pressure rises nonlinearly
throughout the compression process.

Typically, to simplify sealing problems, O-rings are as-
sumed to be incompressible. However, under high oil pres-
sure and low-temperature conditions, rubber materials ex-
hibit significant volumetric shrinkage (Wu et al., 2024a),
leading to changes in contact pressure and potential seal-
ing failure. Although previous studies have provided valu-
able insights into the geometry, deformation, and stress dis-
tribution of O-rings, most have focused on single-factor anal-
yses or relied on simplified assumptions that restrict their
applicability under realistic service conditions. For instance,
conventional models often treat rubber as incompressible
and assume uniform contact interfaces, neglecting the com-
bined effects of temperature variation, oil pressure, and ma-
terial shrinkage at low temperatures. In addition, the nonlin-
ear coupling between thermal contraction, frictional contact,
and material hyperelasticity – which plays a critical role in
determining sealing reliability in aerospace actuators – has
rarely been fully considered. These simplifications often lead
to discrepancies between simulation predictions and experi-
mental observations, particularly under extreme conditions
of low temperature and high hydraulic pressure. To over-
come these limitations, the present study combines experi-
mental characterization with finite element simulation to per-
form a comprehensive multifactorial analysis of O-ring seal-
ing performance. Using the actuator sealing structure of a
representative aircraft model as a case study, a series of pa-
rameter measurement experiments – including tensile, com-
pression, friction, and thermal expansion tests – were con-
ducted to characterize the thermo-mechanical behavior of
fluorosilicone rubber. The experimentally obtained parame-
ters were subsequently incorporated into a nonlinear finite
element framework developed in ANSYS, which accounts
for both material and contact nonlinearities. The influence
of key factors such as retaining rings, O-ring compression
ratio, and temperature on sealing performance was system-
atically examined. The findings not only elucidate the leak-
age mechanisms and deformation evolution of O-rings under
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extreme service conditions but also establish a quantitative
relationship among temperature, compression ratio, and con-
tact pressure, enabling a more realistic assessment of sealing
reliability. This integrated experimental–numerical approach
enhances the predictive accuracy of O-ring sealing behavior
under coupled thermal and mechanical loading, and provides
valuable theoretical guidance for optimizing actuator sealing
structures and improving product reliability in aerospace ap-
plications.

2 Model establishment

2.1 Working principle

The actuator valve assembly is completed by sequentially
tightening the cover plate, base, and O-ring with long bolts.
The nonlinear behavior of this valve assembly primarily
arises from the contact interactions between the cover plate,
base, O-ring, and retaining ring, as well as the hyperelastic
properties of the O-ring material. Given the confined space,
high oil pressure, and fluctuating temperature conditions, it
is challenging to effectively study the sealing performance
of the O-ring through experimental methods. Moreover, con-
ducting a nonlinear finite element simulation of the entire as-
sembly would involve excessive computational costs, signifi-
cantly compromising the model’s efficiency and accuracy. To
address these challenges, a two-dimensional axisymmetric
simulation model of O-ring sealing was developed to obtain
the contact-pressure distribution under high-pressure and ex-
treme temperature conditions, thereby ensuring that the hy-
draulic valve achieves the required sealing performance. The
detailed analysis is as follows: the O-ring deformation pro-
cess is illustrated in Fig. 1. During the assembly stage, the
O-ring is positioned within the groove of the base and re-
mains nearly undeformed. As the bolts are gradually tight-
ened, the cover plate moves toward the base and compresses
both the O-ring and the retaining ring, causing elastic de-
formation of the sealing material and forming a continuous
contact region between the O-ring and the adjacent metal sur-
faces, which provides the initial sealing capability. During
the operating stage, the internal oil pressure in the chamber
acts on the exposed lateral surface of the O-ring, inducing
further deformation and a redistribution of contact along the
interfaces between the O-ring, cover plate, and base. The re-
taining ring constrains excessive lateral flow of the O-ring
material and helps to stabilize the contact configuration under
service conditions. However, when the internal pressure be-
comes excessively high or the ambient temperature is signif-
icantly reduced, the deformation capacity and local contact
state of the O-ring may be adversely affected. In such cases,
the effective contact area may decrease or the local contact
pressure at critical regions may be insufficient to maintain an
effective seal, potentially leading to the formation of leakage
paths along the interface and resulting in degradation or the
failure of sealing performance.

Figure 1. Working principle of O-ring sealing. (a) Initial status; (b)
multifactorial effects.

2.2 Geometric simulation model

Under the maximum internal fluid pressure and the largest
temperature differential, the system is subjected to the most
demanding sealing conditions. At this stage, the circumferen-
tial deformation rate of the O-ring is a secondary effect and
can therefore be neglected. The stress–strain distribution is
axially symmetric about the axis of rotation. Given the geo-
metric and constraint symmetries of the assembly, the O-ring
sealing problem can thus be simplified to an axisymmetric
nonlinear analysis of the two-dimensional cross-section, as
illustrated in Fig. 2. This model incorporates nonlinear rela-
tionships, including the hyperelastic properties of the rubber
material; the contact nonlinearities between the rubber, cover
plate, and retaining ring; and a uniform temperature load ap-
plied to the entire model. Friction coefficients were obtained
experimentally (see Sect. 2.3). The adoption of this localized
modeling approach, instead of a full-scale global model, sig-
nificantly reduces computational complexity while maintain-
ing the accuracy of the sealing analysis.

2.3 Material characteristics

The O-ring material is fluorosilicone rubber, which exhibits
hyperelastic behavior and is accurately represented by the
Mooney–Rivlin model. This model is suitable for moder-
ate deformations, with strain levels of approximately 100 %
in tension and 30 % in compression, consistent with the
actual compression conditions in this study. The Mooney–
Rivlin model (Mooney, 1940) defines the general strain en-
ergy function W for rubber materials using strain tensor in-
variants, as expressed in Eqs. (1) and (2):

W =
∑N

i+j=1
Cij (I1− 3)i (I2− 3)j +

∑N

k=1

1
dk

(
I 2

3 − 1
)2k
, (1)

where I1, I2, and I3 represent the invariants of the Green
deformation tensor.
I1 = λ

2
1+ λ

2
2+ λ

2
3

I2 = (λ1λ2)2
+ (λ2λ3)2

+ (λ1λ3)2

I3 = λ1λ2λ3

(2)

Here, λ1, λ2, and λ3 represent the stretch or compression
ratios along the principal axes 1, 2, and 3, respectively.
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Figure 2. 2D finite element analysis (FEA) model and boundary conditions for O-ring simulation.

Figure 3. The uniaxial tensile testing process and curve of the tensile experiment. (a) Tensile test samples; (b) rubber uniaxial tensile test;
(c) load-displacement curve of the tensile experiment.

The Mooney–Rivlin model, depending on the order of ap-
proximation, commonly includes two-parameter and five-
parameter formulations, as expressed in Eqs. (3) and (4):

W = C10 (I1− 3)+C01 (I2− 3)+
1
D1

(J − 1)2 (3)

W = C10(I1− 3)+C01(I2− 3)+C20(I1− 3)2

+C11(I1− 3)(I2− 3)+C02(I2− 3)2
+

1
D1

(J − 1)2, (4)

where C10, C11, C01, C02, and C20 represent the Mooney–
Rivlin material constants;D1 is the incompressibility param-
eter; and J denotes the volume ratio before and after defor-
mation. The Mooney–Rivlin material constants can be de-
termined by fitting experimental data obtained from uniaxial
and biaxial tensile tests. The displacement–load relationship
is converted into stress–strain data and imported into ANSYS
for curve fitting.

The uniaxial tensile test was conducted on a universal
testing machine. Standard dumbbell-shaped specimens with
smooth surfaces and parallel faces were used. The experi-
mental procedure is illustrated in Fig. 3. Five tensile tests
were performed, and the resulting data were recorded as
load-displacement curves, as shown in Fig. 3c.

The experimental curves show that the five tests produce
highly consistent results, confirming the reliability of the
data. The final results were obtained by averaging the five
tests. Moreover, the rubber material exhibits a distinctly non-
linear stress–strain response in the later stage of the tensile
test. Equibiaxial tensile testing, however, entails stringent ex-
perimental requirements and is difficult to perform. However,
as shown in Fig. 4, under the assumption of constant volume,
the deformation of a specimen in an equibiaxial tensile test
can be equivalently transformed into uniaxial compression
deformation. Therefore, a uniaxial compression test can be
used as a substitute for equibiaxial tensile testing. The rela-
tionship between stress and strain in these two cases (Rivlin,
1948) can be expressed by Eq. (5):

σEb =
σEc(√

1+ εEc
)3

εEb =
√

1+ εEc− 1, (5)

where σEc and εEc represent the principal stress and prin-
cipal strain in the uniaxial compression test, while σEb and
εEb represent the equivalent principal stress and strain in the
equibiaxial tensile test.

The uniaxial compression test was carried out on an elec-
tronic universal testing machine, as shown in Fig. 5. Each
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Figure 4. Equivalence of equibiaxial tension.

Figure 5. Hyperelastic compression testing process for rubber.

test was performed at a crosshead speed of 10 mm min−1 un-
til a strain of 30 % was reached, followed by unloading at the
same rate. This loading–unloading cycle was repeated four
times, with the first three cycles regarded as mechanical con-
ditioning. The measured results are shown in Fig. 6, and it
is evident that the data from the first compression test sig-
nificantly differ from the subsequent three tests due to initial
gaps between the specimen and the testing machine. The first
compression cycle largely eliminates these initial gaps, while
multiple subsequent cycles ensure that any remaining voids
are completely removed. A total of five tests were conducted,
and two datasets with large deviations were discarded, leav-
ing three valid datasets. As shown by the experimental curves
in Fig. 6, the results of these three tests exhibit excellent con-
sistency, confirming the reliability of the experimental data.
Furthermore, it is evident that the compression deformation
process of the rubber exhibits distinct nonlinear character-
istics. The processed experimental data were imported into
ANSYS for hyperelastic parameter fitting, and the fitting re-
sults for the specimen’s hyperelasticity are shown in Fig. 7.

The comparison indicates that the Mooney–Rivlin 2 pa-
rameter model loses accuracy at large strains, resulting in
distortion in the later stage. In contrast, the Mooney–Rivlin
5 parameter model provides significantly better fitting ac-
curacy. Therefore, the Mooney–Rivlin 5 parameter model
was adopted for hyperelastic material modeling in this study.
Moreover, since no distinct inflection points were observed in
the compression test curves, higher-order models, such as the
Mooney–Rivlin 9 parameter model, were deemed unneces-

sary. The hyperelastic parameter fitting results are presented
in Table 1: C10 =−7.6704, C01 = 8.1544, C01 =−1210.5,
C02 = 709.58, C20 = 523.30 MPa.

To ensure the rational selection of the constitutive model
that strongly influences the predicted dynamic behavior
(Khaniki et al., 2022), a comprehensive comparison was per-
formed among five representative hyperelastic models – neo-
Hookean, Mooney–Rivlin (2 and 5 parameter), Yeoh, and
Ogden – using both uniaxial tensile and equivalent biaxial
tensile experimental data of the fluorosilicone rubber. The
coefficient of determination (R2) was employed to quantita-
tively evaluate the fitting performance of each model under
the two deformation modes.

As summarized in Table 2 and Fig. 8, for the uniaxial
tensile tests, the neo-Hookean and two-parameter Mooney–
Rivlin models exhibited relatively low accuracy (R2

≈ 0.93),
indicating their limitation to small-strain applications and
their inability to capture the nonlinear stiffening behavior.
The Yeoh and Ogden models achieved excellent fitting ac-
curacy (R2

≈ 0.99–1.00), while the five-parameter Mooney–
Rivlin model also reached a high level of precision (R2

≈

0.996). For the equivalent biaxial tension, similar trends
were observed: the neo-Hookean and Mooney–Rivlin 2-
parameter models again showed moderate agreement (R2

≈

0.91), whereas the Yeoh and Ogden models yielded nearly
perfect numerical fits (R2

≈ 0.996–0.999). However, despite
its high accuracy in uniaxial tension, the Yeoh model tended
to overestimate stresses under compressive or biaxial states
because it relies solely on the first strain invariant, which de-
scribes distortional and volumetric deformation components,
respectively. Similarly, the Ogden model, although capable
of providing excellent fits across a wide strain range, in-
troduces multiple material constants that require extensive
multi-axial testing for reliable identification, increasing com-
putational cost and sometimes leading to convergence issues
in coupled thermo-mechanical simulations. In contrast, the
five-parameter Mooney–Rivlin model maintains consistently
high accuracy across both deformation modes (R2

= 0.996
in uniaxial and 0.988 in biaxial tests), demonstrating its ro-
bustness and transferability between different strain states.
Therefore, this model was adopted in the present study as it
offers an optimal balance among fitting accuracy, numerical
stability, and computational efficiency. The Mooney–Rivlin
formulation effectively captures both the initial soft response
and the subsequent nonlinear hardening behavior observed in
experiments, while maintaining excellent convergence in fi-
nite element analyses. It is particularly suitable for modeling
sealing components, where combined shear and volumetric
deformations occur under moderate strain levels (up to ap-
proximately 30 % compression and 100 % tension).

The retainer ring materials, aluminum alloy, and stainless
steel were modeled using conventional linear elasticity, with
elastic modulus values obtained through uniaxial tensile test-
ing. The experimental process and data processing for the
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Figure 6. Load-displacement curve of the first set of compression tests and the fourth cyclic compression test. (a) Load-displacement curve
of the first set of compression tests; (b) load-displacement curve of the fourth cyclic compression test.

Figure 7. Fitting of hyperelastic material parameters. (a) Uniaxial tensile experiment hyperelastic parameter; (b) equivalent biaxial tensile
experiment hyperelasticity parameter.

retainer ring are shown in Fig. 9a, b, and c, and the elastic
modulus values are summarized in Table 3.

The friction coefficients between the sealing ring, and the
upper cover plate and lower valve body were determined
through shear slip tests. Two methods – pull out and pull
through – were used to characterize the rubber–metal shear
interaction. The principles of both methods are illustrated in
Fig. 10. In both cases, the test material is clamped between
two fixture plates and then pulled out, but the structural con-
figurations differ slightly. In the pull-out method, the contact
area between the rubber clamping block and the fixture plate
gradually decreases during testing. As a result, the pulling
force F is affected by the reduction in contact area, mak-
ing it difficult to obtain a stable force value and thus un-
suitable for accurately evaluating shear properties. In con-
trast, in the pull-through method, the contact area between
the rubber clamping block and the fixture plate remains con-
stant throughout the test. Consequently, the pulling force F is
unaffected by changes in contact area, ensuring load unifor-
mity. Therefore, in this study, the pull-through method was
adopted to investigate the shear characteristics between the
rubber and metal materials.

The experimental setup is shown in Fig. 12a, where A rep-
resents the force sensor, B is the spring providing the nor-
mal compression force N , C is the fixture plate, and D is
the rubber material clamped for testing. An electronic univer-
sal testing machine was used for the experiment. A constant
pressure was applied on the left side through four springs,
while the central rubber specimen was pulled out to gener-
ate a force–displacement curve. These data were then used
to evaluate the interfacial shear properties between the rub-
ber and metal materials. Since the compression force in this
experiment was provided by a spring, it was necessary to
measure the spring stiffness coefficient prior to the main
tests. The spring was compressed by 4 mm at a compres-
sion rate of 2 mm min−1. To ensure result reliability, three
repeated tests were performed. The experimental setup and
data for the spring stiffness measurement are presented in
Fig. 11. The spring stiffness coefficient was determined from
the slope of the load-displacement curve. The three exper-
imental curves exhibit excellent agreement, demonstrating
high repeatability and data reliability. The slopes obtained
from the three tests were 52.81, 52.91, and 52.87 N mm−1,
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Table 1. Fitting results of Mooney–Rivlin 5 parameter model.

Experiments C10 (MPa) C01 (MPa) C11 (MPa) C02 (MPa) C20 (MPa)

Experiment 1 −7.9707 8.4595 −1223.0 718.53 527.63
Experiment 2 −7.1814 7.6573 −1149.7 672.88 497.81
Experiment 3 −7.8590 8.3465 −1258.7 737.33 544.45
Average −7.6704 8.1544 −1210.5 709.58 523.30

Figure 8. Comparison of fitted stress–strain curves for different hyperelastic models under uniaxial and equivalent biaxial tension. (a)
Uniaxial tensile experiment; (b) equivalent biaxial tensile experiment.

Table 2. Coefficient of determination (R2) for different hyperelastic
models under uniaxial and equivalent biaxial tension.

Hyperelastic model R2 (uniaxial R2 (equivalent
tension) biaxial tension)

Mooney–Rivlin (2 parameter) 0.927 0.908
Mooney–Rivlin (5 parameter) 0.997 0.988
Ogden 0.999 0.999
Neo-Hookean 0.924 0.962
Yeoh 0.993 0.996

respectively. Taking the average of these values, the spring
stiffness coefficient was determined to be 52.86 N mm−1.

In this experiment, the interfacial shear properties between
the rubber sealing material and metal substrates (steel and
aluminum) were examined. Each test was conducted under
room-temperature conditions (25 °C) with a tensile displace-
ment of 3 mm. The spring compression was set to 4 mm, and
the tensile rate was 2 mm min−1. A total of four springs were
used to apply the load, generating a combined compressive
force of 845.76 N. Since the inner side of the sealing ring
is normally filled with liquid and exhibits good lubrication
performance, a thin layer of aviation hydraulic oil was ap-
plied to the metal plate surface during testing to simulate the
actual lubricated service conditions. Each test case was re-
peated five times to ensure data reliability. The experimental
data of interlayer shear slip between rubber-steel and rubber-
aluminum are shown in Fig. 12b and c. It can be seen that

with the increase of tensile displacement, the trend of the
curve is basically the same. The load is gradually reduced
after a very small peak, and then it tends to stabilize. The
stabilizing load of the curve can be equated to the interlayer
sliding shear force, which will subsequently be used to cal-
culate the coefficient of friction of the interlayer. Both tests
basically enter the steady state after the tensile displacement
reaches 1.8 mm, at which time the values of stable force for
five tests of rubber and steel are 330.59, 337.84, 338.74,
324.54, and 331.08 N, resulting in an average of 332.56 N.
For rubber-aluminum, the corresponding stable force values
are 182.18, 185.71, 185.76, 185.39, and 176.47 N, resulting
in an average of 183.10 N.

Since all experimental data stabilized after interfacial slip,
the interfacial shear behavior can be represented using the
Coulomb friction model, expressed in Eq. (6):

µ=
F

N
, (6)

where µ is the friction coefficient, F is the interfacial shear
force (taken as half of the experimental load value), and N
is the normal force applied by four springs (845.76 N). From
the above sliding shear, the coefficient of friction µ between
rubber and steel, and rubber and aluminum can be found to
be 0.197 and 0.108, respectively.

Thermal expansion coefficient measurements were per-
formed on O-ring, aluminum, and steel samples under dif-
ferent temperature conditions using a thermal expansion an-
alyzer. The measured temperature–expansion data were im-
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Figure 9. Tensile testing and uniaxial tensile curve of retaining rings. (a) Tensile test samples; (b) polytetrafluoroethylene (PTFE) uniaxial
tensile test; (c) uniaxial tensile curve of retaining rings.

Figure 10. Schematic diagrams of the friction coefficient measure-
ment methods. (a) Pull out; (b) pull through.

Figure 11. Verification of spring stiffness coefficient. (a) Spring
stiffness test; (b) load-displacement curves from three repeated
measurements.

ported into Origin for curve fitting, where the slope of the
fitted function represents the thermal expansion coefficient.
The numerical results are presented in Table 3. The ex-
perimental setup for rubber thermal expansion is shown in
Fig. 13a and b. The experimental specimen had dimensions
of 2 mm × 5 mm × 10 mm (length × width × height). The
test temperature range was−60 to 130 °C, encompassing the

actual service temperature range of the sealing element used
in this project. To ensure data reliability, five repeated tests
were conducted. The experimental data for the O-ring’s ther-
mal expansion coefficient were processed using Origin soft-
ware, and the results are shown in Fig. 14a. The five experi-
mental curves exhibit nearly linear relationships with almost
constant slopes, indicating that the thermal expansion coeffi-
cient of the rubber remains constant over the tested tempera-
ture range. The fitted slopes from the five experiments were
2.008×10−4, 1.985×10−4, 1.974×10−4, 1.962×10−4, and
1.964× 10−4 °C−1, respectively. Taking the average of the
five measurements, the thermal expansion coefficient of the
rubber was determined to be 1.979× 10−4 °C−1. Following
the same procedure used for measuring the O-ring’s thermal
expansion coefficient, tests on the retaining ring were con-
ducted at various temperatures. The measured temperature–
expansion data were imported into Origin software for fit-
ting, yielding the relationship between the thermal expan-
sion coefficient and temperature. The experimental specimen
is shown in Fig. 13c, with dimensions of 20 mm × 5 mm
× 2 mm (length × width × height). The test temperature
range was −60 to 130 °C, and to ensure the reliability of
the results, three repeated experiments were performed. The
processed results are presented in Fig. 14b. The thermal ex-
pansion coefficient corresponds to the slope of each curve.
The three experimental curves are almost identical, indicat-
ing that all three tests are valid. A noticeable inflection point
appears around room temperature (25 °C). The curves ex-
hibit different slopes in the temperature ranges of −60 to
25 °C and 25 to 130 °C, suggesting that the thermal expan-
sion coefficient should be determined separately for these
two regions. The −60 to 25 °C range is denoted as Region
A, and the 25 to 130 °C range as Region B. For Region A
(−60 to 25 °C), the fitted thermal expansion coefficients from
the three experiments were 1.117×10−4, 1.102×10−4, and
1.039× 10−4 °C−1, respectively, giving an average value of
1.086× 10−4 °C−1. For Region B (25 to 130 °C), the corre-
sponding fitted values were 1.318×10−4, 1.296×10−4, and
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Figure 12. Interlayer shear testing and interlayer shear load-displacement curve of rubber. (a) Experimental equipment; (b) interlayer shear
curve for rubber-steel; (c) interlayer shear curve for rubber-aluminum.

1.337× 10−4 °C−1, with an average of 1.317× 10−4 °C−1.
Therefore, in subsequent high- and low-temperature seal-
ing simulations, different thermal expansion coefficients are
adopted for the two temperature regions to ensure higher
modeling accuracy. The thermal expansion coefficient of alu-
minum was measured using the same method as described
above. To ensure the reliability of the results, five repeated
experiments were conducted, and the processed results are
shown in Fig. 14c. The fitted slopes of the five experi-
mental curves were 2.52× 10−5, 2.31× 10−5, 2.23× 10−5,
2.26× 10−5, and 2.19× 10−5 °C−1, respectively. Taking the
average of these five values, the thermal expansion coeffi-
cient of the aluminum alloy used in the base structure was
determined to be 2.302× 10−5 °C−1. Similarly, the thermal
expansion coefficient of stainless steel was measured using
the same procedure. To ensure the reliability of the results,
five repeated experiments were also performed, and the re-
sults are presented in Fig. 14d. The fitted slopes from the
five experiments were 1.02×10−5, 1.02×10−5, 0.93×10−5,
0.97×10−5, and 0.94×10−5 °C−1, respectively. The average
value was calculated to be 0.976× 10−5 °C−1, which repre-
sents the thermal expansion coefficient of stainless steel.

2.4 Simulation process

This study employs ANSYS Workbench for simulation mod-
eling. The two-dimensional plane simulation is carried out in
five load steps. (1) A specified vertical displacement is ap-
plied to the cover plate to simulate the O-ring assembly pro-
cess. To ensure smooth contact establishment between the
cover plate and the sealing ring, this displacement is applied
in two load steps. (2) A uniform pressure is applied to the
side of the O-ring facing the chamber to simulate internal oil
pressure. Similarly, to enhance numerical convergence, the
chamber pressure is applied in two load steps. (3) A tem-
perature change is then applied to the entire model to sim-
ulate the sealing system’s operating conditions under a low-
temperature environment. The contact conditions include in-
teractions between the O-ring and the cover plate, base, and

retaining ring, as well as between the retaining ring and the
cover plate and base. The actuator operates within a tem-
perature range of −55 to 120 °C and a maximum working
oil pressure of 27 MPa. However, due to wear from recip-
rocating friction (Oh et al., 2009), uneven surface rough-
ness (Wang et al., 2021), surface defects of the sealing ring
(Liu et al., 2021), and extreme temperature variations, the
actual contact pressure may be lower than the ideal theo-
retical value. From a safety and reliability perspective, it is
recommended that the sealing contact pressure be greater
than 1.2 times the oil pressure, i.e., 32.4 MPa. If, under ex-
treme oil pressure conditions, the contact pressure between
the O-ring and the cover plate or base falls below 32.4 MPa,
it is considered a seal failure, leading to leakage issues. It
is worth noting that the mechanical behavior of elastomeric
materials is strongly temperature dependent because of the
rubber-to-glass transition, during which the material trans-
forms from rubber-like entropy elasticity to glassy energy
elasticity, exhibiting minimal strain or recovery (Jaunich et
al., 2011; Porte et al., 2024). According to existing studies
(Brounstein et al., 2021; So et al., 2023; Utrera-Barrios et
al., 2025), the reported glass-transition temperatures for sil-
icone and fluorosilicone rubbers are generally low but vary
among formulations owing to differences in polymer archi-
tecture, fluorine content, and cross-linking chemistry. Within
this context, −55 °C is above the glass-transition region of
the materials considered; therefore, treating their behavior
as rubbery and using hyperelastic parameters fitted at room
temperature constitutes a reasonable and physically justified
approximation over the investigated temperature range. The
normal Lagrange contact algorithm is employed, in which
contact pressure is introduced as an additional degree of free-
dom to enforce contact compatibility. Consequently, explicit
evaluation of contact stiffness and penetration is unnecessary,
as the contact pressure is treated as a variable. Under this
formulation, two limiting states exist: non-contact and con-
tact. These conditions can lead to severe computational os-
cillations, making convergence difficult. However, once con-
vergence is achieved, the accuracy is high since no penetra-
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Figure 13. Thermal expansion testing of rubber and PTFE. (a) DIL402C analyzer; (b) rubber test sample; (c) PTFE test sample.

Figure 14. Thermal expansion curves of different materials. (a) Thermal expansion curves of rubber; (b) thermal expansion curves of PTFE;
(c) thermal expansion curves of aluminum; (d) thermal expansion curves of steel.

tion between parts is assumed. Given the material nonlinear-
ity and frictional contact nonlinearity, convergence remains
challenging. To ensure high precision in contact pressure
calculations, the normal Lagrange contact algorithm is em-
ployed for the critical contacts between the sealing ring and
the cover plate/base. The experimentally measured friction
coefficients are applied in these regions. To enhance com-
putational efficiency and convergence, the penalty function
algorithm is used for the remaining contact interfaces, with
the friction coefficient set to 0.2.

The mesh size must be set appropriately to ensure com-
putational accuracy while improving efficiency. A conver-
gence and efficiency analysis of the sealing ring mesh size
was conducted, as shown in Fig. 15. The sealing ring mesh
sizes were set to 0.01, 0.02, 0.03, 0.04, and 0.05 mm, cor-
responding to sealing ring mesh element counts of 17 960,
4584, 2160, 273, and 756, respectively (with total model ele-
ment counts of 272 487, 68 095, 30 340, 17 093, and 10 949).
The results show that for a mesh size below 0.03 mm, the
computational speed is fast, but accuracy is compromised.
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Table 3. Material properties.

Part Material Elastic modulus Coefficient of thermal
(GPa) expansion (°−1)

O-ring Rubber – 1.979× 10−4

Retainer ring PTFE 4.2598× 10−4
−60–25°C: 1.086× 10−4

25–130 °C: 1.317× 10−4

Base Aluminum 69.63 2.302× 10−5

Cover Steel 199.69 0.976× 10−5

Figure 15. Schematic diagram of mesh convergence analysis.

At 0.03 mm, when subjected to 27 MPa oil pressure, the re-
sults show zero errors compared to the 0.01 mm mesh. For
the 0.04 mm mesh, the error relative to 0.01 mm is 0.47 %.
When subjected to 27 MPa oil pressure and low-temperature
effects, the 0.03 mm mesh has an error of 0.37 % relative to
0.01 mm, while the 0.04 mm mesh has an error of 0.58 %.
Generally speaking, mesh convergence is generally consid-
ered satisfactory when the numerical variation of model re-
sults is below approximately 5 % after refinement (Zheng
and Li, 2021). In the present analysis, all deviations are
well below this threshold, confirming that the 0.03 mm mesh
achieves both convergence stability and computational effi-
ciency. Therefore, this mesh size was adopted for subsequent
simulations. The entire 2D axisymmetric model was dis-
cretized using the Multizone Quad/Tri hybrid element type.
To ensure accurate resolution of the contact stresses, a re-
fined mesh of 0.03 mm was applied along all O-ring/metal
interfaces, while slightly coarser elements (0.04 mm) were
assigned to the remaining non-contact regions of the O-ring
and metallic parts. This local refinement strategy provides an
optimal balance between numerical precision and computa-
tional efficiency.

3 Results and discussion

3.1 Influence of O-ring diameter on sealing performance

Due to manufacturing tolerances, slight variations exist in the
diameter of the sealing ring. This study investigates the seal-
ing performance of O-rings with different diameters, and the
simulation results are presented in Table 4 and Fig. 16. Be-
cause of the presence of the retaining ring, the contact pres-
sure between the O-ring and the cover plate represents a rela-
tively weak sealing region. The results indicate that as the O-
ring diameter increases, sealing performance improves. This
is because a larger O-ring diameter enhances the contact area
with both the cover plate and the base, thereby improving
sealing effectiveness. However, when the O-ring diameter is
less than 1.50 mm, there is a risk of leakage at−55 °C. When
the diameter is less than 1.45 mm, leakage can occur even at
room temperature. Therefore, it is recommended that the O-
ring diameter should not be less than 1.50 mm. Experimen-
tal sealing tests further confirm that O-rings with a diameter
smaller than 1.50 mm exhibit leakage under low-temperature
conditions. However, after modifying the O-ring diameter
based on simulation findings, the redesigned seals effectively
prevent low-temperature leakage. In addition, the difference
in maximum contact pressure between room temperature and
−55 °C increases with O-ring diameter. This phenomenon is
primarily attributed to the enhanced thermal contraction ef-
fect in larger O-rings, where the absolute volume shrinkage
becomes more pronounced, thereby reducing the effective
compression ratio under low-temperature conditions. In ad-
dition, the increase in material stiffness and the redistribution
of contact stress during cooling further intensify this effect,
resulting in a more significant decrease in contact pressure
for larger diameters.

3.2 Influence of O-ring inner diameter on sealing
performance

To further consider the influence of engineering tolerance fits
and assembly deviations on sealing reliability, a new set of
simulations was conducted to examine the effect of inner-
diameter variation on contact pressure distribution. The anal-
ysis was performed using an O-ring with an outer diameter
of 1.50 mm, which was identified in Sect. 3.1 as the optimal
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Figure 16. Variation of maximum contact pressure with O-ring di-
ameter under 25 and −55 °C conditions.

Table 4. Contact-pressure distribution of O-rings with different di-
ameters at room and low temperatures.

O-ring diameter Maximum contact Maximum contact
(mm) pressure at room pressure at −55 °C

temperature (MPa) (MPa)

1.40 30.51 30.16
1.45 32.56 31.27
1.50 34.80 32.90
1.55 38.47 35.19
1.60 44.24 38.66

configuration that provides the highest contact pressure and
adequate safety margin against low-temperature leakage. By
keeping the O-ring diameter constant, the influence of inner-
diameter variation can be isolated while maintaining identi-
cal external boundary conditions. As shown in Fig. 17, three
representative inner diameters – 2.00, 2.05, and 2.10 mm –
were selected to reflect typical manufacturing tolerances and
assembly dimensional variations encountered in engineer-
ing practice. These values simulate the realistic dimensional
scatter of the sealing ring within its production tolerance
range. The corresponding simulation results for contact pres-
sure under room- and low-temperature conditions are sum-
marized in Table 5.

The results indicate that as the inner diameter increases
(meaning the O-ring cross-section is positioned closer to the
retaining ring), the contact pressure slightly increases un-
der both room and low-temperature conditions. This can be
attributed to the geometric constraint imposed by the re-
taining ring, which restricts radial expansion and enhances
local compression near the contact interface. Nevertheless,
the variations in maximum contact pressure remain minor –
within approximately 0.5 MPa – and all configurations sat-
isfy the required sealing pressure criterion (greater than 1.2
times the chamber oil pressure). These findings confirm that
within the manufacturing tolerance range of the O-ring inner
diameter, the sealing performance remains robust and insen-
sitive to minor dimensional fluctuations.

Figure 17. Distribution of O-ring inner diameter dimensions.

Table 5. Contact-pressure distribution of O-rings with different in-
ner diameter at room and low temperatures.

O-ring inner Maximum contact Maximum contact
diameter (mm) pressure at room pressure at −55 °C

temperature (MPa) (MPa)

2.00 34.46 32.97
2.05 34.84 33.11
2.10 34.82 32.93

3.3 Impact of O-ring compression on sealing
effectiveness

During the standard O-ring assembly process, it is crucial
to ensure precise dimensional matching with the sealing
surface, correct installation positioning, and an appropriate
compression ratio (Xiao et al., 2023). Among these factors,
compression ratio is a key parameter affecting O-ring seal-
ing performance. An optimal compression ratio ensures suf-
ficient contact pressure between the O-ring and the sealing
surface (Liu et al., 2022), preventing fluid leakage while
compensating for potential gap variations caused by ther-
mal expansion, pressure fluctuations, or material aging. If the
compression ratio is insufficient, the O-ring cannot fully fill
the sealing gap, resulting in seal failure. This study investi-
gates the influence of compression ratio on sealing pressure,
with simulation results presented in Fig. 18 and Table 6. The
compression ratio is evaluated based on the gap between the
cover plate and the base. A zero gap indicates full contact be-
tween the cover plate and the base, corresponding to the max-
imum O-ring compression ratio. The simulation results re-
veal that as the gap increases, sealing performance gradually
deteriorates. When the gap exceeds 0.025 mm, a 1.5 mm di-
ameter O-ring exhibits a leakage risk under low-temperature
conditions, with a maximum contact pressure of 31.72 MPa
– below the safety threshold of 32.4 MPa at −55 °C. If the
gap further increases to 0.05 mm, although the contact pres-
sure remains above 27 MPa, it still does not meet the required
safety threshold, indicating potential sealing risks that must
be carefully addressed. It should be emphasized that in actual
assembly processes, it is practically impossible to achieve a
perfectly zero gap or completely uniform compression. Small
variations inevitably occur due to manufacturing tolerances,
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Figure 18. Variation of contact pressure with compression ratio for
O-rings of different sizes.

Table 6. Influence of O-rings compression on sealing pressure.

O-ring Cover-base Maximum contact Maximum
diameter gap (mm) pressure at room contact
(mm) temperature pressure

(MPa) at −55 °C
(MPa)

1.45 0.000 32.56 31.27
0.010 32.00 31.20
0.015 31.74 30.66

1.50 0.000 34.80 32.90
0.010 34.11 32.42
0.015 33.79 32.18
0.020 33.49 31.96
0.025 33.20 31.72
0.030 32.93 31.55
0.050 31.78 30.92

1.55 0.000 38.47 35.19
0.010 37.37 34.49
0.015 36.87 34.16
0.020 36.40 33.85
0.030 35.52 33.28

installation deviations, and elastic recovery after assembly.
Therefore, from a safety and reliability perspective, it is rec-
ommended that the 1.50 mm diameter O-ring be designed
with a maximum allowable assembly gap of 0.02 mm.

3.4 Effect of temperature on sealing property

The contact pressure of the 1.5 mm diameter sealing ring un-
der normal, high, and low temperatures is shown in Fig. 19.
Under normal-temperature conditions with an oil pressure of
27 MPa, the contact pressure between the sealing ring and
both the cover plate and the base ranges from 34 to 39 MPa,
exceeding the chamber oil pressure and thus satisfying the
sealing requirement. At high temperatures, thermal expan-
sion of the materials increases the sealing pressure between

Figure 19. Variation of maximum contact pressure with tempera-
ture for O-ring.

Figure 20. Deformation and material flow behavior of the O-ring
under oil pressure and retaining ring constraint.

the sealing ring, the cover plate, and the valve body, with
the maximum pressure exceeding 42 MPa. In contrast, at low
temperatures, material contraction weakens the contact be-
tween components, reducing the contact pressure. The maxi-
mum sealing pressure between the sealing ring and the cover
plate decreases to 37 MPa. Therefore, under full contact con-
ditions between the sealing ring, cover plate, and base, the
sealing performance remains effective across high, normal,
and low temperatures. Additionally, as shown in Fig. 20, the
simulation results indicate that the contact between the seal-
ing ring and the base is superior to that with the cover plate.
This behavior occurs because, in addition to direct contact
with the cover plate, the retaining ring on the upper half of
the sealing ring restricts lateral displacement to the right. As
a result, the material primarily flows along the lower half,
leading to a larger contact area and higher contact pressure
between the sealing ring and the base. Notably, after cooling,
the contact pressure between the cover plate and the O-ring
decreases by 1.9 MPa compared with that at normal temper-
ature, indicating an increased risk of sealing leakage.
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Figure 21. Effect of the presence or absence of a retaining ring on contact pressure distribution. (a) 0.05 mm gap with retaining ring; (b)
0.05 mm without retaining ring; (c) 0.10 mm gap with retaining ring; (d) 0.10 mm gap without retaining ring.

Figure 22. Extrusion phenomenon of O-rings in the absence of retaining rings. (a) Extrusion phenomenon of O-ring with 0.10 mm gap; (b)
extrusion phenomenon of O-ring with 0.05 mm gap.

3.5 Role of retaining rings in sealing function

Currently, O-ring sealing configurations are generally classi-
fied into two types: with and without a retaining ring. To ana-
lyze the sealing performance under these conditions, simula-
tions were conducted for a 1.5 mm diameter O-ring. Two pre-
compression rates were set: 20 % (corresponding to a 0.1 mm
gap between the cover plate and the base) and 22.3 % (corre-
sponding to a 0.05 mm gap) (Kim et al., 2007). A fluid pres-
sure of 27 MPa was applied to the side of the O-ring facing
the chamber, and the results are presented in Fig. 21. The
simulations indicate that when no retaining ring is present,

the contact pressure between the O-ring and both the cover
plate and base remains relatively uniform. However, under
the impact of 27 MPa oil pressure, the maximum contact
pressure is approximately 10 % lower than that in configura-
tions with a retaining ring. Similarly, when the gap is reduced
to 0.05 mm, the sealing pressure in the case with a retaining
ring is superior to that without one, as shown in Fig. 21c
and d. When operating in a high-pressure environment, the
O-ring in a configuration with a retaining ring initially trans-
lates toward the retaining ring as pressure increases. With
further pressure rise, the O-ring and the retaining ring come
into contact and, owing to their elasticity, undergo mutual de-
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formation. This deformation initially propagates toward the
upper and lower corners of the contact area and continues
dynamically between the two components. This interaction
effectively prevents the O-ring from being “extruded”, as il-
lustrated in Fig. 22. In contrast, in the absence of a retaining
ring, extrusion of the O-ring can lead to gap biting, which
prematurely damages the material and results in seal failure.
Additionally, the gap between the cover plate and the base,
once affected by O-ring extrusion, becomes difficult to elim-
inate through other means such as bolt tightening, thereby
compromising the sealing effectiveness. Moreover, the pres-
ence of the retaining ring constrains the lateral movement of
the O-ring near the clearance gap, forcing the rubber mate-
rial to redistribute deformation downward rather than extrud-
ing laterally. As a result, the effective contact area between
the O-ring and the mating surfaces increases, particularly in
the lower region, which alleviates local stress concentration
and leads to a more uniform contact stress distribution. This
redistribution of the stress field reduces the likelihood of lo-
calized shear failure and extrusion-induced gap biting under
high-pressure conditions.

4 Conclusions

This study establishes a generalized methodological frame-
work for analyzing O-ring sealing performance under cou-
pled thermo-mechanical conditions. Within this framework,
a finite element simulation model was developed to repre-
sent the in-service conditions of the O-ring in an aircraft ac-
tuator, incorporating both material and contact nonlinearities
to investigate the effects of temperature, compression, and
structural configuration on contact pressure. Based on this
modeling approach, the main conclusions are summarized as
follows:

1. A 1.5 mm diameter O-ring exhibits reduced contact
pressure at low temperatures due to material contrac-
tion, which weakens component contact. Nevertheless,
the contact pressure between the sealing ring and both
the cover plate and the base remains within 34–39 MPa.
Under fully sealed conditions, the 1.5 mm diameter
sealing ring maintains effective sealing performance at
high, normal, and low temperatures.

2. As the sealing ring diameter increases, the contact
area with the cover plate and base increases, thereby
improving sealing effectiveness. A critical diameter
threshold was identified: if the sealing ring diameter
is < 1.50 mm, leakage risks arise at low temperatures
(−55 °C); if the diameter is < 1.45 mm, leakage risks
exist even at normal temperatures. Therefore, the seal-
ing ring diameter should not be reduced below 1.50 mm.

3. When the gap exceeds 0.025 mm, a 1.5 mm diame-
ter sealing ring presents a leakage risk. At low tem-
perature (−55 °C), the maximum contact pressure de-

creases to 31.72 MPa, falling below the safety threshold
of 32.4 MPa for −55 °C. If the gap further increases to
0.05 mm, although the contact pressure remains above
27 MPa, it still does not meet the required safety thresh-
old, indicating potential sealing failure. To ensure reli-
able sealing, the gap should not exceed 0.020 mm.

4. In the absence of a retaining ring, the contact pressure
between the O-ring, and the cover plate and base re-
mains relatively uniform. However, under a 27 MPa oil-
pressure impact, the maximum contact pressure is 10 %
lower than when a retaining ring is present. Further-
more, without a retaining ring, the O-ring is prone to
extrusion, leading to gap biting and premature material
failure.

These findings provide a methodological framework and the-
oretical guidance for the design and optimization of actu-
ator sealing systems with different O-ring materials, seal-
ing structures, and working environments. Future research
will aim to extend this framework by systematically ex-
amining the effects of actuator geometry, aspect ratio, and
scale on sealing efficiency, and by improving temperature-
dependent material parameter identification to enhance pre-
dictive capability. Further attention will also be devoted to
the limited elastic recovery of elastomeric O-rings and the
complex compressibility behavior of rubber under coupled
temperature- and pressure-dependent conditions, which are
crucial for understanding leakage initiation and long-term
sealing reliability.
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