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Abstract

This article presents a study aimed at modelling two different configurations
of assemblies using an O-ring subjected to compressive loading and internal
fluid pressure. The dimensions of the O-ring and the rectangular groove are
determined in accordance with ISO 3601. The aim of this study is to analyse
the influence of the groove shape on the mechanical behaviour of the O-ring
and to evaluate the sealing performance and mechanical strength of the new
groove design. The results of this analysis will provide a better understanding
of the advantages and limitations of the new configuration and help optimise
its use in practical applications.
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1 Introduction

Cylinder capacity is essential for assessing the performance of hydraulic sys-
tems, particularly for applications requiring increased power and precision.
They are widely used in industrial, construction and automotive applications.
The O-ring plays an essential role as the main seal in the hydraulic cylinder,
and its sealing performance is directly linked to the correct operation of
the cylinder [1]. Research into the factors that influence the sealing perfor-
mance of the rubber ring is therefore crucial to accurately calculating this
performance and improving the accuracy of the cylinder design. Due to the
non-linear characteristics of the material, the complexity of the geometry
and the contact interactions, finite element analysis (FEA) is a commonly
used method to study the sealing performance of rubber O-rings [2]. Rubber
materials, as hyperelastic materials, require suitable constitutive models for
numerical calculations. Common models used in finite element analysis
include the Arruda Boyce, van der Waals, Ogden and Mooney-Rivlin con-
stitutive equations. A review by Ali shows that the Mooney-Rivlin model is
particularly suitable for small and medium deformations [3]. This constitutive
model is frequently used to accurately represent the non-linear behaviour of
rubber O-rings in numerical simulations.

Huang pointed out that the seal structure is axisymmetric, which makes
it possible to use a two-dimensional axisymmetric model for the numerical
calculation of the sealing ring [4]. To this end, a two-dimensional axisym-
metric model of the seal structure was developed using ANSYS software,
and its validity was verified [5]. Finite element analysis was used to assess
the behaviour of an O-ring subjected to uniform pressure levels and internal
pressure.

The design of rubber seals has been extensively studied, and new types of
seals have been used to provide better sealing, such as D-shaped, T-shaped,
U-shaped, X-shaped, Y-shaped, reinforced O-rings, and many others. For
example, the D-shaped seal has been designed to improve the contact width
between the groove and the seal, and can be thought of as a half-section of an
O-ring. Comparisons between the D-ring and the O-ring have shown that the
D-ring offers better sealing performance in terms of maximum contact stress.
However, it has the disadvantage of extrusion through the seal gap [6].

The analysis carried out by Mose on the extrusion of the D-ring under a
hydraulic pressure of 5.89 MPa highlighted a risk of seal failure. The D-ring
has disadvantages in terms of stress concentration in static sealing and extru-
sion in dynamic sealing [7]. These results highlight the sealing limitations
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of the D-ring and the need to find alternatives to improve sealing perfor-
mance. The geometric shape of the X-ring offers significant advantages under
dynamic conditions by reducing friction. Shin’s research has conclusively
demonstrated that the X-seal generates a higher contact stress than the O-ring
under specific conditions. However, it should be noted that the maximum
allowable extrusion pressure for the X-seal is limited to 3.92 MPa [8]. A lim-
itation of the X-seal is its reduced ability to maintain sufficient contact length
under low pressure, which can compromise its sealing performance [9]. The
sealing performance of the Y-seal relies on the surface area of the coupling
lips, as it is a lip-type rubber seal. Cui carried out an analysis of the effect
of hydraulic pressure on the sealing performance of the Y-seal. His work
made it possible to determine the location of the maximum stresses and the
most critical deformation zone, based on the seal failure criterion [10]. El
Bahloul et al. [11, 12] have proposed improving elastomer O-rings by adding
a metal core inside. This solution strengthens the structure of the seal and
improves its mechanical performance and resistance to leakage. Studies have
shown that reinforced O-rings show promise in reducing deformation under
pressure, but it is important to choose the size of the metal core carefully
to avoid excessive stress. Jahangir’s findings, based on tests carried out on
21 seals, highlight a variation in the properties of these seals depending on
their geometric shape and the manufacturing method used [13]. This finding
highlights the importance of taking these factors into account when designing
and manufacturing seals, to ensure optimum performance and increased
reliability in specific applications. In an earlier study on the development of
seals for pneumatic valves [14], the focus was on the design of compact,
low-friction seals capable of operating without grease. Comparisons between
prototypes and existing seals highlighted the evolution of environmental and
industrial standards. In a study by Belforte et al. [15], the cross-sectional
optimization of an elastomer seal for pneumatic cylinders was carried out
to reduce the friction force. The paper uses a numerical finite element
model taking into account material non-linearities and frictional contact. The
proposed geometric modifications reduced friction by 50–80%, while main-
taining sealing efficiency. Experimental results confirm the reliability of the
numerical model, encouraging future research into pneumatic seal friction.
The article by Rita Ambu et al. [16], explores the redesign of a guide bearing
for pneumatic actuators, focusing on the front head/bearing interface. Using
finite element analysis, the authors propose modifications that reduce wear
and extend cylinder life. Tests show that these new configurations outperform
commercial designs in terms of performance and durability.
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Rectangular grooves were widely used for O-rings. However, some appli-
cations required solutions to prevent the O-rings from coming loose. The
study by Hou et al. [17] compared the performance of O-rings in rectan-
gular and trapezoidal grooves. Their results showed that trapezoidal grooves
sometimes offered better sealing performance and stability for O-rings. This
opened up new design perspectives for improving sealing systems. In an
earlier study [18], the authors of this study analysed the sealing performance
of static axial joints fitted with O-rings in different grooves shapes. The
simulations revealed that concave grooves performed better by generating
higher contact pressure on the mating surfaces, thereby reducing the risk of
leakage. In addition, the maximum stresses on the seal were slightly lower in
concave grooves than in rectangular grooves.

With the aim of improving the sealing performance of static radial assem-
blies using O-rings in hydraulic cylinders and mechanical systems, this study
focuses on a detailed analysis of the sealing of elastomer O-rings. To do this,
we have developed an advanced numerical model that allows us to explore the
sealing characteristics of these seals in depth. In this study, we will explore
the stress-strain behavior of the elastomer seal using hyperelasticity theory.
In addition, we will determine the Mooney and Rivlin parameters based on
reference compression tests. This approach will enable us to obtain an in-
depth understanding of the mechanical behaviour of the O-ring and to analyse
its sealing performance when installed in a cylindrical or rectangular concave
groove. Using this methodology, we will be able to provide valuable informa-
tion on the sealing performance of O-rings in different groove configurations.
These results will form a solid basis for improving the design of O-rings
and optimising their assembly, with the aim of achieving optimum sealing in
hydraulic and mechanical applications.

2 Materials Characterization

The material used for this seal is a nitrile elastomer (NBR), widely chosen
to provide an effective seal in cylinders and hydraulic systems because of its
resistance to pressure. Based on the assumption of hyperelasticity theory, the
strain and stress of an elastomer material are described by the strain energy
density function, which is expressed as a function of the strain invariant [19].

W = f(I1, I2, I3) (1)

In this formulation, W represents the strain energy function, λ is the
invariant of the Cauchy-Green strain tensor [20]. Furthermore, the invariants
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of the Cauchy-Green strain tensor can be expressed in terms of the ratios of
the principal stretches λ1, λ2, λ3.

I1 = λ2
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In addition, the Cauchy stress tensor formula σij is expressed in terms of
the principal stretches.
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The two-parameter Mooney-Rivlin model [21] is used to represent an
approximately incompressible material. The strain energy function W is
defined according to this model.

W = C10(I1 − 3) + C01(I2 − 3) +

(
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Where C10 and C01 represent the material parameters. Since the elastomer
is approximately considered incompressible [22], the Poisson’s ratio ν is
equal to 0, 499 ≈ 0, 5 and I3 is equal to 1. Therefore, the two-parameter
Mooney-Rivlin model is defined as follows:

W = C10(I1 − 3) + C01(I2 − 3) (5)

In addition, uniaxial compression tests,
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Where λ represents the strain value. Using Equations (5) and (6), the
Cauchy stress can be developed as follows:

σ =
2λ4

λ3 − 1
C10 +

2λ3

λ3 − 1
C01 (7)

Using the experimental elastomer compression data reported in refer-
ence [23], the Mooney-Rivlin model parameters C10 = 1.84 and C01 = 0, 47
were fitted in accordance with Equation (7).

3 Modeling

3.1 Structure

O-rings are the most widely used seals in the aerosol and aerospace industries
because of their efficiency, economy and ease of use. They provide a reliable
seal by blocking the gap between mating surfaces, preventing unwanted fluid
leakage. Their simple design and versatility in terms of size, shape and
materials make them practical choices for sealing mechanical assemblies. An
O-ring consists of two essential elements: the O-ring itself and the groove
into which it is inserted. The groove is a precisely machined groove that
accommodates the O-ring and provides a contact surface for sealing. The
main components of the rod and piston grooves are shown in Figure 1.
When the O-ring is correctly positioned in the groove, it is compressed
when the components come into contact, creating a tight, hermetic fit. This
compression eliminates any play between the components and prevents fluids

Figure 1 Seal configuration in a double-acting cylinder.
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(a)                                           (b) 

Figure 2 O-ring installation in two types of groove (a) Rectangular groove (b) Concave
groove.

escaping through the gap. Thanks to its flexibility and ability to deform,
the O-ring adapts to surface irregularities and ensures a reliable seal. It is
important to note that the quality of the groove and the O-ring, as well as the
selection of the right material, are essential factors in ensuring an optimum
seal.

In the work presented, the aim is to model two different configurations,
as illustrated in Figure 2. involving the use of an O-ring subjected to a
compressive load, representing the installation force, and to the pressure of
the fluid contained within the assembly. The dimensions of the O-ring and
the rectangular groove are determined on the basis of ISO 3601 [24]. The
mechanical and geometric characteristics of the two assemblies are detailed
in Table 1.

The present work aims to complement the previous study [18] by
analysing the influence of the groove shape on the mechanical behaviour of
the O-ring in radial assemblies, under real operating conditions. The analysis
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Table 1 Mechanical and geometric characteristics of the assemblies
Symbol Designation Contact

Ac Top surface O-ring-plates

Ar Bottom surface

Bc Top surface O-ring-groove

Br Bottom surface

Cr Lateral surface

Values

b Width of the rectangular groove 3.6 mm

D O-ring inner diameter 17,96 mm

d1 O-ring cross-section diameter 2,65 mm

d2 Diameter of the concave groove 4 mm

E Young’s modulus of elastomer 13,85 MPa

h Height of the groove 4.2 mm

ν Poisson’s ratio of the O-ring 0,499

µ Friction coefficient 0.2

focuses on assessing the impact of the new groove shape on the seal’s
performance in terms of sealing and mechanical strength. This study will
provide a better understanding of the advantages and limitations of the new
groove design, and help optimise its use in practical applications.

3.2 Finite Element Model

In order to study and compare the mechanical behaviour of an O-ring
installed in a concave groove and a rectangular groove, an axisymmetric
finite element model was developed using ANSYS software [25]. To ensure
accurate representation of the interactions between the various components,
all the elements of the assembly were meshed with rectangular elements.
The O-ring was modelled by a disc using 2D planar elements with four
nodes (PLANE182). The analysis carried out is static with geometric non-
linearity (NLGEOM, ON) and solution control (SOLCONTROL, ON) to take
account of large deformations. To simulate the contact between the elements
in contact, CONTA171 and TARGE169 contact elements were used. They are
based on the 2D 2-Node Surface-To-surface contact approach. In addition, a
friction interaction was defined for the contact pairs using the MP command.
The contact formulation used is the “Lagrange multiplier on contact-normal
and penalty-on-tangent”(KEYOPT (2) = 3 on CONTA171), allowing contact
forces to be modelled efficiently.
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Geometry of PLANE182 2D elements 
with four nodes (I, J, K, L) 

 

O-ring  

 

Meshing the O-ring cross-section with 
PLANE182 2D elements   

Figure 3 Finite element modeling, in a static study, of two types of installation: rectangular
groove and concave groove.

Figure 3 illustrates the mesh configuration used for the seal in both
installations, demonstrating the quality and accuracy of the mesh for the
analysis. Using this finite element model, it will be possible to analyse in
detail the mechanical behaviour of the O-ring in both groove configurations,
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(a)                                                          (b) 
Figure 4 Sealing mechanism for static O-rings (a) Initial compression of the seal (b) Seal
under pressure of the fluid to be sealed.

providing valuable information on the seal’s performance in terms of sealing
and mechanical strength.

3.3 Installation and Working Mode

The Challenger space shuttle disaster on 28 January 1986 was caused by the
faulty design of an elastomer O-ring [26]. This accident served as a lesson in
improving seal design, underlining the importance of reliability and rigorous
testing procedures.

The sealing mechanism of an elastomer O-ring is based on the elasticity
and incompressibility of the material. The basic sealing phenomenon is best
explained by considering an O-ring with a circular cross-section (Figure 4).
From an initial diameter d1, in its free state, the O-ring is compressed during
assembly by an amount defined as the compression ratio C. Consequently,
after installation, the contact surfaces between the seal and the structure
produce a contact pressure Pc.

During operation, the pressure of the fluid P acts on the exposed surface
of the seal and causes the contact pressure to rise to a higher value. The max-
imum contact pressure P0 exceeds the pressure of the fluid to be sealed P . If
this were not the case, the fluid could penetrate the gaps between the seal and
the contact surface, resulting in a leak.

The physical interpretation of the above is that, when the elastomer O-ring
is subjected to initial compression and exposed to fluid pressure, it behaves
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like a liquid with a very high surface tension. The seal thus maintains the
clamping force and transfers the fluid pressure to the sealing contact [27].

4 Results and Discussion

Before proceeding with the analysis of the two installations, it is essential to
carry out numerical tests in order to verify the influence of the mesh density
on the simulation results. With this in mind, four different mesh sizes were
proposed, referred to respectively as Mesh 1 (300 elements), Mesh 2 (1,200
elements), Mesh 3 (2,700 elements) and Mesh 4 (4,800 elements).

Figure 5 shows the Von Mises stress distribution inside the O-ring,
obtained using the FE model shown in Figure 3. The numerical tests were
carried out with the same mechanical and geometric characteristics, a com-
pression ratio of 10% and a fluid pressure of 5 MPa. The simulation results
show almost identical stress distributions for the four meshes tested.

It is also observed that an increase in mesh size leads to an increase in the
error on the maximum value of the equivalent Von Mises stress calculated.
On the other hand, a smaller mesh size leads to a significant increase in
computation time. Consequently, in the continuation of our study, we will
adopt “Mesh 3”, composed of 2,700 elements, which offers an adequate
compromise between the accuracy of the results and the calculation time.

As the compression ratio of the seal increases, it adopts a behaviour
similar to that of an incompressible fluid, which leads to an increase in the
contact pressure intensity at the surfaces likely to cause leaks. The contact
pressure profiles of the contact surfaces Ar, Br, Ac and Bc are shown in
Figure 6, for three different values of compression ratio, noted C.

This figure shows the effect of installing the seal in a concave groove
rather than a rectangular groove. It is clearly observed that, for a given
compression ratio, the contact pressure when the seal is installed in the
concave groove is higher than in the case of a rectangular groove, for the
contact surfaces Ac and Ar. However, this is reversed for contact surfaces Bc
and Br.

These results underline the importance of the groove configuration in the
contact pressure intensity. Installing the seal in a concave groove results in
higher contact pressures at the Ac and Ar contact surfaces, while choosing a
rectangular groove results in higher contact pressures at the Bc and Br contact
surfaces.

This observation highlights the significant impact of groove geometry on
seal performance, and suggests that the choice of groove configuration should
be carefully considered in seal design and installation.
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Figure 5 Von Mises stress distribution inside the O-ring for different mesh sizes.

The O-ring is widely used to prevent leakage or the passage of fluid
from one compartment to another. During assembly, the seal is compressed
radially to create a contact pressure distribution that ensures sealing when the
assembly is subjected to pressure. The deformation and behaviour of the seal
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Figure 6 Comparison of contact pressure distribution without fluid pressure in rectangular
and concave grooves.

under fluid pressure plays a crucial role in the sealing effectiveness of the
assembly.

Figures 7, 8 and 9 illustrate in detail the contact pressure distributions
for three different values of fluid pressure, taking into account the two types
of groove studied. Whatever the contact surface considered, an increase in
contact pressure is observed as the fluid pressure increases. It is interesting
to note that the difference between the two configurations remains relatively
small in terms of contact surfaces.

However, an important observation emerges from these results: the con-
cave groove generates a larger contact surface for the Bc contact surface than
for the Br surface. This significant difference between the two configurations
highlights the impact of groove geometry on contact pressure distribution.
The use of a concave groove therefore provides a larger contact area and,
potentially, a better seal at the Bc surface compared to the rectangular groove
configuration (Br).

These findings are of major importance to O-ring design, as they high-
light the crucial influence of groove geometry on sealing performance. It is
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Figure 8 Comparison of contact pressure variation in Bc and Br surfaces as a function of
fluid pressure variation.

essential to take these aspects into account when designing and installing
O-rings to ensure effective sealing in practical applications.

Figure 10 shows the variation of the maximum contact pressure at the Ar,
Br, Cr, Ac and Bc surfaces defined in Figure 2, for a compression ratio of
10%, as a function of the pressure of the confined fluid. It is clearly observed
that the maximum contact pressure is always higher than the applied fluid
pressure.
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Figure 10 Influence of fluid pressure variation on maximum contact pressure in the two
grooves.

However, it should be noted that the maximum contact pressures of the
surfaces corresponding to the rectangular groove are slightly higher than
those of the contact surfaces of the concave groove, with the exception of the
Cr contact surface which produces a low contact pressure. This observation
suggests the possibility of leakage if the Br contact surface fails to maintain
the seal.
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Figure 11 Effect of fluid pressure on the variation in maximum Von Mises stress.

In summary, the results indicate that the two groove configurations,
rectangular and concave, offer almost identical sealing performance in terms
of maximum contact pressure.

In this study, the analysis of the stress distribution inside the O-ring during
the two loading phases makes it possible to locate the zones where the limit
stress is reached. Figure 11 shows the variation of the maximum value of the
Von Mises stress inside the seal for the two assemblies, as a function of the
fluid pressure for the three compression ratios of 5, 7 and 10%.

For both assemblies, it is observed that the maximum Von Mises stress
increases with increasing compression ratio as the fluid pressure increases.
In addition, for a fluid pressure of less than 5 MPa, the two assemblies
show remarkably little deviation for all compression ratios. However, when
the fluid pressure exceeds this value, it can be seen that the higher the
compression ratio, the lower the value of the maximum Von Mises stress
inside the seal. In addition, it can be seen that the concave groove generates
less stress for all three compression ratio values.

This behaviour can be attributed to the specific geometry of the concave
groove, which allows the circular-section joint to adapt better to the shape of
the groove, resulting in greater deformation and, consequently, lower stresses.



Improvement of Hydraulic Assemblies Through Analysis 59

Table 2 O-ring loading limits: Table of recommended values
Compression Ratio Fluid Pressure

Concave groove 5% ≤ 7.75MPa
7% ≤ 9.3 MPa
10% ≤ 9.5 MPa

Rectangular groove 5% ≤ 7.15 MPa
7% ≤ 7.8 MPa
10% ≤ 8.6 MPa

The results clearly demonstrate the significant importance of groove
geometry in stress distribution within the O-ring. A concave groove seems
to significantly favour a reduction in maximum stresses, which can have
beneficial effects on the durability and overall performance of the seal,
particularly under conditions of high pressure. Thus, by taking into account
the specific material of the seal, ISO 3601-5 [28] provides valuable guidance
on the value of the maximum stress that can lead to seal failure.

In addition, curves similar to those shown in Figure 11 can be used to
determine the fluid pressure that will cause the O-ring to deteriorate at a given
compression ratio. In the case of the material used in Figure 11, which is
NBR, the maximum permissible stress is established at 10 MPa. This value
means that the seal can be used under the loading conditions specified in
Table 2.

5 Conclusion

This study provided an in-depth analysis of the impact of groove geometry
on O-ring performance in static radial assemblies, comparing two configu-
rations: a rectangular groove and a concave groove. The results show that
the concave groove offers significant advantages in terms of sealing per-
formance, generating higher contact pressures on the Ac and Ar surfaces,
which enhances sealing and reduces the risk of leakage. In addition, this
configuration reduces maximum internal stresses, notably the Von Mises
stress, which could prolong seal life under high pressure conditions.

However, the concave groove also presents certain limitations. It gener-
ates lower contact pressures on surfaces Bc and Br, which could compromise
sealing in these areas. These observations underline the importance of select-
ing the groove shape according to the specific requirements of the application,
particularly in terms of expected sealing and mechanical stresses experienced
by the seal.
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In short, although the concave groove improves stress distribution and
sealing in certain areas, it is not a universal solution. Its use must be carefully
optimized according to the service conditions and requirements of each
application. These results provide a promising basis for improving O-ring
design in hydraulic and mechanical systems, and pave the way for future
experimental studies to validate and extend these observations.
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