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In this study, a finite-element simulation model was established for a two-dimensional hydraulic cylinder seal structure with
highly nonlinear materials and contacts for achieving the optimal sealing effect with the structure. ,e effects of gaps as well as
single and double O-rings on the sealing effect were examined. On the basis of this examination, a parametric model was
developed for double-O-rings without gaps, which are suitable for hydraulic cylinder sealing. Suitable design variables, objective
functions, and constraint conditions were determined for the parametric model.,en, a surrogate model was fitted and optimised
through a constrained Latin hypercube method, an interpolating recmultiquadric radial basis function method, and the genetic
algorithm. ,e results indicate that the seal and seal groove structures obtained through optimisation with the surrogate model
provide a superior sealing effect to unoptimised structures. ,erefore, the combination of the developed surrogate model and
finite-element method can provide a theoretical reference for the design of the sealing structure of hydraulic cylinders.

1. Introduction

Hydraulic transmission has attracted considerable attention
for transportation vehicles, such as automobiles, ships, and
aircraft, due to the development of manufacturing with the
advancement of technology. In a hydraulic system, struc-
tures such as valves, pumps, and cylinders are connected to
hydraulic pipe joints through a piping system. Hydraulic
pipe joints, pumps, valves, and cylinders are the most basic
hydraulic system components that play a vital role in the
circulation of gas, water, and oil in the system [1–5]. Because
the hydraulic pipeline is in a high-risk environment in the
circulation and power system, the pipeline seal requires
further analysis [6]. In aircraft, ships, automobiles, and other
transportation vehicles, when the hydraulic seal system fails,
internal oil, gas, pollutants, and waste are leaked. Such
failure may also cause fatalities and major accidents. ,us,
the sealing performance of the hydraulic pipeline sealing
structure in vehicles considerably influences the safety and
reliability of the equipment [7, 8].

Currently, the research on and production capacity of
seals in China is relatively low, and manufacturers blindly

increase the compression amount of seals in most cases to
solve the problem of hydraulic seal failure [9]. Although the
sealing purpose is temporarily achieved when using the
aforementioned approach, the seal duration and reliability
decrease, which may cause problems such as seal damage.
,erefore, research on the sealing performance of hydraulic
cylinder sealing structures is critical [10].

In general, the functional components of a sealing device
are the upper and lower flanges and the middle sealing
rubber. ,erefore, a study of the sealing performance should
begin from the analysis of these three components. ,e
amount of compression of the sealing rubber directly affects
the sealing performance of the hydraulic cylinder sealing
structure. Moreover, large compression reduces the service
life of the sealing rubber. ,e cross-sectional shape of the
sealing rubber directly affects the contact area between the
sealing material and the upper and lower flanges on the
application of the pretightening force and thus affects the
sealing efficiency. ,e structures of the upper and lower
flanges also affect the tightness of the hydraulic cylinder
sealing structure. ,e size of the gap in the groove of the seal
ring affects the amount of deformation of the seal rubber,
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which affects the sealing ability of the device. Chen et al.
obtained an O-type seal with a higher reliability than the
contact pressure distribution between the rectangular seal
and the O-ring [11]. On the basis of the finite-element
method, Zhou et al. proposed that reducing the height of the
lower flange close to that of the measuring cavity of the oil
cavity can reduce the loss of oil pressure and thus improve
the sealing efficiency [12]. Lan et al. proposed a method of
using finite sample points to establish a proxy model to
conduct intradomain structural analysis and dimensional
optimisation [13]; Wang et al. used genetic algorithm to
optimise the size of the structure to improve the perfor-
mance of the whole structure [14].

,is study mainly used Ansys Workbench to perform
finite-element analysis on the seals of hydraulic cylinders,
compare the seal ring section shape, flange groove width,
and groove depth, and optimise the groove structure
through a surrogate model inMATLAB for obtaining a set of
optimal structural parameters for the sealing rubber and
flange and for achieving the best sealing effect for the hy-
draulic cylinder sealing structure.

2. Model Description

2.1. Geometric Model. ,e seal of a hydraulic cylinder has a
typical symmetric structure. Considering the symmetry of
the structures of the seal ring and hydraulic cylinder, this
study simplified the three-dimensional plane strain problem
for a hydraulic cylinder into a two-dimensional problem for
simulation calculation. ,e two-dimensional axial seal
models of the four seals considered in this study, which are
based on the Chinese standard GB/T-3452.3-2005 [15], are
displayed in Figure 1.

Figures 1(a) and 1(b) display single O-ring seal structures,
and Figures 1(c) and 1(d) represent double O-ring seal
structures (A � πr2). Figure 1(a) displays a schematic of a
two-dimensional model of a seal groove with a gap, and
Figure 1(b) displays a schematic of a two-dimensional model
of a seal groove without a gap. Figure 1(c) depicts a schematic
of a seal model with a gap, and Figure 1(d) depicts a schematic
of a gapless seal model. In nonlinear finite-element simulation
calculations, the following assumptions must be made to
reduce the number of calculations and the calculation time:

(a) ,e rubber material is an isotropic and uniform
material.

(b) ,e creep properties of rubber materials are uniform
during elongation and compression, and the volume
change is negligible when creep occurs.

(c) Compared with hydraulic cylinders, the quality of
O-type rubber seals is negligible. ,e overall model
of the hydraulic cylinder can be simplified into two
dimensions.

2.2. Selection ofMaterial Parameters. Because the sealing ring
is usually made of rubber material and has a high degree of
nonlinearity in the finite-element simulation, this study
adopted the Mooney–Rivlin model with two parameters to

represent the constitutive relationship of thematerial with large
deformation [16]. ,e strain energy and compression constant
in the aforementioned model can be expressed as follows:

W � C1 I1 − 3(  + C2 I2 − 3( , (1)

D �
(1 − 2υ)

C1 + C2( 
, (2)

where W is the strain energy; D is the compression constant;
C1 and C2 are the mechanical property constants of the
nonlinear material; I1 and I2 are the first and second strain
tensor invariants, respectively; and υ is Poisson’s ratio of the
material [17]. ,eoretically, the mechanical property constant
should be determined through tensile and compression ex-
periments [18]; however, in practice, the constant is deter-
mined from the hardness value (Hs) of the material [19, 20]:

6C1 1 +
C1

C2
  �

15.75 + 2.15HS

100 − HS
. (3)

,e aforementioned formula indicates that the me-
chanical property constant of a material can be obtained
from the Hs value and (C1/C2). According to the literature
[21], the recommended value of (C1/C2) is generally 0.25.

Considering the oil and water resistance, NBR is selected
for analysing many rubber materials. ,e hardness of the seal
under high pressure in this study was 85. According to the
aforementioned formula, C1 � 1.84MPa, C2 � 0.47MPa,
υ � 0.499, and D � 0.00087MPa− 1. ,e upper and lower
flanges are made of standard structural steel, whose elastic
modulus is 200GPa and Poisson’s ratio is 0.3.

Network segmentation is a critical step when a model is
used for numerical simulation analysis. ,ey must be as
regular as possible in addition to the number of units that
need to be controlled. ,erefore, element independence
analysis is usually required before determining the element
size. As displayed in Figure 2, the maximum value of the
contact pressure was stabilised at 4.38MPa. Finally, the grid
sizes of the upper and lower flanges and the sealing rubber
were controlled to be less than 0.07mm. ,e grid of the
hydraulic cylinder sealing system was divided into a com-
bination of tetrahedrons and hexahedrons. ,e number of
grids was 14,932, and the number of nodes was controlled at
approximately 45,000.

2.3. Contact Settings. Due to the large friction forces between
the sealing rubber and the upper and lower flanges, the
contact method was set to frictional contact, and the friction
coefficient was 2×10− 2. ,e contact algorithm uses the
augmented Lagrange multiplier method to adapt to large-
deformation contact problems. Moreover, the finite-element
control method uses the integration point detection method
(Gauss Point) to analyse the friction contact problem [22, 23].

2.4. Boundary Condition Settings. In the finite-element
analysis of the seal in this study, a 5.3mm-diameter nitrile
rubber was used as the seal ring. ,e width B of the seal
groove with a gap was 6.3mm, and the width B of the seal
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groove without a gap was 5.3mm. ,e seal groove depth of
the single groove was 4.13mm. ,e first force causes large
deformation, and second force constrains all the displace-
ments of the lower flange. ,ree load steps were set. ,e first
load step was the initial situation without any force; the
second load step involved the application of a pretightening
load, and the compression was 20% of the seal ring (i.e.,
1.06mm); and the third load step involved setting the in-
ternal pressure of the hydraulic cylinder to 2MPa. In the
simulation, the left side was assumed as the inside of the
hydraulic cylinder and the right side was assumed as the
external side. ,erefore, a pressure load of 2MPa was ap-
plied to the left side of the seal.

2.5. Simulation Results and Analysis. A comparison of the
results obtained for a single-groove seal with and without
gaps is displayed in Figure 3.

Figures 3(a) and 3(b) depict the equivalent stress cloud
diagram of a single-groove seal with a gap and the cloud di-
agram of the contact pressure between this seal and the upper
flange, respectively. Figures 3(c) and 3(d) depict the equivalent
stress cloud diagram of the single-groove gapless seal and the
cloud diagram of the contact pressure between this seal and the
upper flange, respectively. Figures 3(e) and 3(f) illustrate the
equivalent stress cloud diagram of a double-groove seal with a
gap and the cloud diagram of the contact pressure between this
seal and the upper flange, respectively. Figures 3(g) and 3(h)
display the equivalent stress cloud diagram of the double-
groove gapless seal and the cloud diagram of the contact
pressure between this seal and the upper flange, respectively.

,e mean average pressure and maximum contact pressure
results are presented in Table 1.,emean equivalent stress was
2.66MPa for the single-groove seals with and without a gap.
Moreover, the difference in the maximum contact pressures of
the aforementioned two seals was only 0.001MPa. For the
double-groove seal, the equivalent stresses with and without a
gap were 2.65 and 2.64MPa, respectively.,erefore, in the case
of large compression, the presence or absence of gaps has
almost no effect on the equivalent stress on the seal ring.

,e contact pressure is the major factor affecting the
sealing effect. When the contact pressures are greater than
the pressures in the hydraulic cylinder, the sealing is suc-
cessful and the sealing effect is proportional to the contact
pressures. A comparison of Figures 3(b), 3(d), 3(f), and 3(h)
indicates that the maximum contact pressures between the
single-groove seal with a gap and the upper flange and
between the double-groove seal with a gap and the upper
flange were 4.3808 and 4.3876MPa, respectively. ,e
maximum contact pressures between the gapless single-
groove seal and the upper flange and between the gapless
double-seal groove and the upper flange were 4.3813 and
4.3888MPa, respectively. For single-groove seals, the
maximum contact pressure without a gap was 0.011% higher
than that with a gap. For double-groove seals, the maximum
contact pressure without a gap was 0.17% higher than that
with a gap. ,e maximum contact pressure was greater
without a gap than with a gap because the horizontal de-
formation of gapless seal grooves was constrained. ,e
aforementioned data indicate that the number of seal ring
layers considerably influences the sealing effect of the hy-
draulic cylinder for the adopted two sets of variables.
,erefore, structure optimisation was performed for the seal
groove and seal ring of the double-layer seal without a gap.

3. Structural Optimisation Design Based on a
Surrogate Model

Structural optimisation design involves determining a set of
optimal solutions from design variables under the proposed
constraints.,e general optimisation solution process involves
mathematically modelling the optimisation problem, pro-
posing constraints according to the mathematical model, and
selecting an appropriate method to optimise the established
model for a certain goal. In general, the following parameters
are considered in the process of optimal design [24]:
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Figure 1: Two-dimensional models of the four seals considered in this study.

Advances in Materials Science and Engineering 3



4.2228 Max
3.7553
3.2878
2.8203
2.3528
1.8854
1.4179
0.95039
0.48291
0.01542 Min

Unit (MPa)

(a)

4.3808 Max
3.894
3.4073
2.9205
2.4338
1.947
1.4603
0.97351
0.48675
0 Min

Unit (MPa)

(b)

3.745
4.2111 Max

3.2789
2.8128
2.3467
1.8806
1.4145
0.94841
0.48231
0.016221 Min

Unit (MPa)

(c)

4.3813 Max
3.8945
3.4077
2.9209
2.4341
1.9472
1.4604
0.97362
0.48681
0 Min

Unit (MPa)

(d)

4.626 Max
4.1134
3.6008
3.0881
2.5755
2.0629
1.5503
1.0376
0.52499
0.012359 Min

Unit (MPa)

(e)

4.3876 Max
3.9001
3.4126
2.9251
2.4376
1.95
1.4625
0.97502
0.48751
0 Min

Unit (MPa)

(f )

4.6918 Max
4.1717
3.6516
3.1316
2.6115
2.0915
1.5714
1.0513
0.53126
0.011191 Min

Unit (MPa)

(g)

4.3888 Max
3.9012
3.4135
2.9259
2.4382
1.9506
1.4629
0.9753
0.48765
0 Min

Unit (MPa)

(h)

Figure 3: Equivalent stress and contact pressure cloud diagrams of the single-groove seal.
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(a) Design variables: design variables are parameters
that have a major influence on the model (design
variables are generally denoted by x).

(b) Objective function: the objective function is the
optimisation objective (optimisation object), which
is generally denoted as f(x).

(c) Constraints: constraints refer to the ranges of design
variables. ,e types of constraints in the optimisa-
tion process include stress and volume constraints.

3.1. Determination of Design Variables. According to the
simulation results presented in Section 2.5, the double-layer
seal without a gap exhibits a superior sealing effect to the other
seal structures. ,erefore, the double-layer seal structure was
parameterised and modelled, as depicted in Figure 1(d). Two
parameters, namely, the diameter of the seal ring (D) and the
depth of the seal groove (h), were calculated due to their high
influence on the sealing effect in parametric modelling. In
addition, the chamfer of the upper and lower flanges affects
the equivalent stress on the seal ring. However, in currently
used structures, the seal ring does not contact the chamfer of
the flange under a compression of 20% and working pressure
of 2MPa. ,erefore, the chamfer was not considered as a
design variable in the study [25].

3.2. Determination of the Objective Function. In this study,
the maximum value of the contact pressure between the seal
ring and the upper flange was used to evaluate the sealing
effect [26].

3.3. Determination of Constraints. ,e current diameter of
the seal ring was 5.3mm, and the diameter of the seal ring
(D) was set to 4–7mm according to the sealing conditions
considered in this study. ,e depth of the seal groove (h)
must not be less than the radius of the seal ring. Moreover,
sufficient displacement must be caused by the upper flange
due to the pretightening force [27]. ,erefore, the mathe-
matical model of the seal structure is expressed as follows:

Find X � [D, h]
T
,

max f(x) � f(D, h),

Subject to 4mm≤D≤ 7mm,

D

2
≤ h≤D − 1.2mm.

(4)

3.4. Test Design. ,e Latin hypercube method [28, 29] was
used to obtain the test points in the experiment. ,e points
selected using this method can evenly cover the entire design
space. Considerable space information can be accurately
obtained with only a small number of test points. Because
the upper and lower limits of the design variables in this
study changed with a change in any parameter, a constrained
Latin hypercube was used to select the test point [30].

,e number of test points was selected according to the
following principle: the number of test points must be 10 times
higher than the number of variables. Two design variables
were used in this study; therefore, 20 points were selected to
build the surrogate model.,e plane distribution of the design
variables is displayed in Figure 4, in which the value ranges of
the design variables are indicated by the coordinate axes.

3.5. Parametric Modelling. After the selection of the test
points, the maximum contact pressure between the sealing
ring and the upper flange was calculated for all the training
and test points through finite-element simulation. Ansys
Workbench was directly used for parametric modelling and
finite-element calculation. ,e corresponding results are
presented in Table 2.

3.6. Surrogate Model. ,e interpolating recmultiquadric
radial basis function method [31–33] was used for data
fitting after obtaining the design and response points. A total
of 20% of the data points (five points) were used as test
points. ,e response surface and residuals of the training
points are displayed in Figure 5.

,e residual error of the training points was 10− 7

(Figure 5), which is considerably lower than 10− 4; thus, the
surrogate model had a high degree of fit for the training
points. ,e root mean square error of the aforementioned
model was 0.48 for the five test points. ,e difference be-
tween the maximum stress values obtained with the sur-
rogate model and in the experiment (7.3MPa) was less than
10%, which is within the acceptable error range.

3.7. Optimisation of the End Plate Structure by Using the
Genetic Algorithm. ,e genetic algorithm [34, 35] was used
to optimise the design of the seal structure. ,e final iter-
ation results are presented in Table 3. ,e maximum contact
pressure was 7.28MPa [36].

3.8. Reliability of the Sealing Structure. Let X1, X2, . . ., Xn be n
random variables that affect the structural function, the
function of which can be expressed as the following
equation:

Table 1: Mean average pressure and maximum contact pressure for different sealing methods.
Single seal with gap

(MPa)
Single seal with gapless

(MPa)
Double seal with gap

(MPa)
Double seal with gapless

(MPa)
Mean equivalent stress 2.66 2.66 2.65 2.65
Maximum contact
pressure 4.3808 4.3818 4.3876 4.3888
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Z � g X1, X2, . . . , Xn( , (5)

where X1, X2, . . ., Xn could be the structural dimension
parameter, the physical property of the material, or the
loading on the structure. When Z> 0, the structure could
perform the objective functions and work in a reliable state;
when Z< 0, the structure could fail to perform the objective
function and become unstable; when Z� 0, the structure is in
the limit state or critical state. In this paper, pf denoted the
probability of failure, i.e., the probability of the structural
function Z< 0. We used f(z) to represent the probability
density function. ,erefore, the probability of Z< 0 is

pf � 
0

− ∞
f(z)dz. (6)

However, the structure function should be standardized
in the actual calculations:

Z′ �
C − μz

σz

. (7)

,e probability of failure after standardization can be
expressed as

pf � 
− μz/σz( )

− ∞
f z′( dz′. (8)

,e reliability of the structure can be expressed as

Pr � 1 − Pf. (9)

In this paper, the Gram–Charlier series was used to
decompose and fit the distribution of the function, which
could be expressed as

f(X) � Φ′(X) � 
∞

n�3

(− 1)
n
Cn��

n!
√ Φ(n+1)

(X), (10)

Table 2: Data points and response values.
D (mm) h (mm) Pmax (MPa)
5.14 3.39 6.528
6.23 3.98 4.1881
4.54 3.26 4.8721
5.28 3.45 6.4509
6.31 3.88 4.1706
6.85 4.49 4.027
5.77 3.34 4.3518
5.85 4.57 4.302
5.63 4.18 4.3994
6.92 4.38 4.015
5.00 3.18 6.3237
6.62 4.13 4.0882
6.15 3.55 4.2387
6.69 4.34 4.0658
6.08 3.95 4.234
7.00 5.79 3.992574
4.30 2.95 5.0262
6.54 5.03 4.1055
6.38 4.95 4.1484
4.79 3.49 6.5858
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Table 3: Optimal design variables and optimal solutions.
D (mm) h (mm) Pmax (MPa)
4.23 2.8 7.2778
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where Φ(X) � (1/
���
2π

√
) 

x

0 e− (t2/2)dt and Cn is the moment
coefficient of each order. In this paper, in order to improve
the calculation accuracy, the order of six was selected for
calculation, which revealed the following equations:

C0 � 1,

C1 � C2 � 1,

(11)

C3 �
1
��
3!

√
μ3
σ3

,

C4 �
1
��
4!

√
μ4
σ4

− 3 ,

(12)

C5 �
1
��
5!

√
μ5
σ5

− 10
μ3
σ3

 , (13)

C6 �
1
��
5!

√
μ6
σ6

− 15
μ4
σ4

+ 30 , (14)

where μk is the kth central moment of Z’, and σk is the kth
power of the mean square error of Z’.

According to the finite-element analysis results above,
the mean values and the mean square error in case of the
maximum contact pressure after storage and aging of the
sealed structure can be calculated. ,e results are shown in
Table 4.

According to the finite-element simulation and the
surrogate model, the limit state equation of the sealing
structure was established, and the corresponding moments
of the structure under the maximum contact pressure in
each aging period can be obtained, and the reliability of the
sealing structure can be calculated according to the above
equations. In this paper, five nodes in the middle of the

Table 4:,emean values and the mean square error in case of the maximum contact pressure after storage and aging of the sealed structure.
Time of usage Shortly after sealing 10 years 20 years 25 years 30 years
Mean of response (MPa) 4.59 4.57 4.38 3.72 3.64
Mean square error of response (MPa) 0.94 0.88 0.84 0.72 0.72

Table 5: Reliability of 5 sealed structure joints.
Serial number Shortly after sealing 10 years 20 years 25 years 30 years
1 0.976 0.921 0.851 0.827 0.796
2 0.983 0.926 0.846 0.821 0.793
3 0.984 0.927 0.859 0.835 0.794
4 0.987 0.931 0.861 0.845 0.807
5 0.994 0.938 0.881 0.848 0.813

(a)

5.0055 Max
4.4551
3.9047
3.3543
2.8039
2.2536
1.7032
1.1528
0.60243
0.052047 Min

Unit (MPa)

(b)

7.2794 Max
6.4706
5.6617
4.8529
4.0441
3.2353
2.4265
1.6176
0.80882
0 Min

Unit (MPa)

(c)

2.654 Max
2.3624
2.0707
1.7791
1.4874
1.1958
0.90415
0.6125
0.32086
0.029211 Min

Unit (MPa)

(d)

Figure 6: Model and simulation results.

Advances in Materials Science and Engineering 7



O-ring were selected for calculation. ,e results of reliability
for the sealing structure joints are shown in Table 5.

,e average value of the five nodes was used to represent
the reliability of the sealing structure; it can be seen that the
reliability of the sealing structure after 10 years, 20 years, 25
years, and 30 years was 0.985, 0.929, 0.859, and 0.801, re-
spectively. A failure rate less than 10% is acceptable for
ordinary hydraulic cylinder sealing structures.,erefore, the
sealing structure could still be effective after 10 years.

4. Comparison of the Results Obtained before
and after Optimisation

,e parameters obtained after design variable optimisation
were substituted into the model, and simulation was per-
formed using Ansys Workbench. ,e maximum contact
pressure was obtained as 7.2794MPa. ,e error between the
aforementioned value and the corresponding result obtained
using the surrogate model was 0.027%. ,e model and
simulation results are presented in Figure 6.

Figure 6(a) displays a schematic of the optimised seal
model, and Figure 6(b) displays the equivalent stress cloud
diagram. Figure 6(c) illustrates the cloud diagram of contact
pressure between the seal ring and the upper flange, and
Figure 6(d) displays the maximum shear stress cloud dia-
gram. A comparison of the optimised and unoptimised
structural design results are presented in Table 6.

According to the aforementioned simulation results, all
the structures, the O-ring seal did not contact the chamfers
of the seal grooves under a preload of 1.06mm and working
pressure of 2MPa. ,e equivalent stress had a spindle-
shaped distribution and was larger at the contact area than at
other areas. ,e average equivalent stress of the optimised
structure was 89.06% higher than that of the unoptimised
structure. Moreover, the maximum contact pressure for the
optimised structure was 65.83% higher than that for the
unoptimised structure. ,e maximum shear stress indicates
the service life of the seal ring. ,e maximum shear stress of
the optimised seal structure was 0.75% lower than that of the
unoptimised structure; thus, the shear stress was only
marginally reduced after optimisation. ,e aforementioned
results indicate that the optimised structure has a consid-
erably stronger sealing effect and only marginally smaller
service life than the original structure.

5. Conclusions

(a) ,e obtained qualitative finite-element simulation
results indicate that, during the operation of hy-
draulic cylinders, the peak values of the equivalent
stress and contact pressure are always located at the
contact between the seal ring and the upper flange in

the prestressed state. ,us, the sealing effect of a
hydraulic cylinder seal can be assessed according to
the maximum contact pressure at the contact be-
tween the seal and the upper flange.

(b) ,e finite-element analysis results obtained for the
four sealing structures considered in this study in-
dicated that the sealing effect of the gapless double
O-ring was stronger than those of the double O-ring
with a gap, the gapless single O-ring, and the single
O-ring with a gap.

(c) According to the surrogate model and finite-element
simulation calculations, the contact pressure of the
optimised seal structure is 65.83% higher than that of
the original gapless double O-ring. ,e combination
of the developed surrogate model and finite-element
method can provide ideas for the optimal design of
seal structures without sacrificing the service life.
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