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Featured Application: Diaphragm-type air springs in railway vehicles.

Abstract: The stiffness in various directions of air springs have a great influence on the stability
of high-speed trains. Due to the change in the bogie structure, the required functions of the air
springs have also diversified, and the damping of various loading modes such as vertical, lateral, and
torsional movements is emerging as important. The stiffnesses are affected by the shape of the air bag,
the material, and the ply angles. In this paper, the relationship between the ply angle and the radial
position is proposed by equations from deformation modes. The variable angles in the plies were
compared and demonstrated in air-spring analysis using the rebar elements. The vertical, lateral,
and torsional stiffness of air springs without auxiliary springs were compared between constant ply
angles and variable ply angles with respect to the positions. When mainly dealing with the vertical
stiffness, the effect of the angle variation was small; however, it was found that it had a large effect of
more than 24% and 30% on the stiffness in the lateral direction and torsional direction, respectively.

Keywords: air spring; high-speed train; diaphragm type; ply angle; vertical stiffness; lateral stiffness;
torsional stiffness; ABAQUS; rebar element

1. Introduction

Air springs are composed of an air bag, steel beads, a bead ring plate, an upper plate,
a lower plate, and a rubber spring as the auxiliary spring. The air bag is made of multi-
layered, reinforced fiber, rubber laminated matrix ply, inner and outer rubber shells. For
railways, the diaphragm type in the form of a round tire is mainly used, and for buses and
passenger cars, the rolling lobe type in the form of a sleeve is mainly used. Air springs
have a low natural frequency, which could minimize transmission of vibration. Air springs
can also change the spring stiffness by adjusting the air volume and internal pressure.

Research has been conducted to predict the stiffness of air springs using theoretical
models because the stiffness of the air spring is the most important among various specifi-
cations. It is mainly affected by the shape and cord angles of the bag, but the properties of
the composite material are not considered in theory. Xu [1] constructed a vertical stiffness
analytical model of a rolling lobe air-spring based on hydrodynamics and thermodynamics
and verified by comparing with the experimental data. The influence of the geometrical
parameters such as diaphragm volume, auxiliary chamber volume, and the shape coeffi-
cient were analyzed and discussed. Li et al. [2] established an analytical formula to predict
the vertical stiffness of rolling lobe spring and verified by comparisons to an axisymmetric
finite element simulations and experimental data. Precise prediction of the vertical stiffness
was obtained using the formula in cases where the reservoir volume was relatively small.
Qi et al. [3] constructed a model covering both the vertical and horizontal directions. In the
vertical direction, they obtained the air spring’s reaction force by using the derivation of
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the pneumatics equations. In the horizontal direction, they used a quadratic function to fit
the trends of the variation in the air spring’s horizontal stiffness, which was simulated by
the finite element method.

Since the cord angle affects the spring constant, it has been used as a variable in the
study of stiffness. Lu et al. [4] studied the aging mechanism of air springs. They analyzed
the effect of aging on the vertical static stiffness of an air spring through an accelerated
aging test and finite element simulation. They also examined the vertical static stiffness
of air springs with different cord angles and the existence of emergency auxiliary spring
during aging. It was found that the vertical stiffness increases with aging, as the cord angle
is small, and there is no auxiliary spring. Lee and Huh [5] investigated the effect of design
variables with the variation of the cord angle of an air bag. The orthotropic material and
axisymmetric model were adopted. It was revealed that an air bag had different modes
of deformation according to the cord angle and had different modes of change in the
outer diameter and the fold height with deformation. Lee and Huh [6] also developed
finite element code considering the orthotropic material properties and degenerated shell
element to analyze a diaphragm-type air spring. They simulated the inflation and lateral
deflection with a half symmetric model.

In the analysis of air springs, angles are often modeled and analyzed as one value; thus,
it is difficult to accurately input the angle and thickness due to the complex shape in which
the values vary at all points along the latitude. The analysis of the fiber reinforced to support
the load in the rubber base material is often used by the rebar element in the ABAQUS
software. If the rebar element is used, the angle of the cord can be input differently for each
element, and the change of the angle can also be tracked. Toyokawa et al. [7] developed a
simulation technology that accurately predicts the static and dynamic characteristics of air
springs. To verify the validity of the angular distribution of reinforcing fibers predicted
by simulation, they carried out a nondestructive investigation of the angular distribution
using an X-ray CT. Sarıoğlu and Durmuş [8] explained the method of manufacturing and
testing of air springs. They developed the elastomer materials, the necessary machinery,
and the equipment for producing and testing air springs. Wenku et al. [9] carried out a finite
element analysis model of a sleeve-type air spring with the software ABAQUS to study the
influence of cord-fabric layer parameters on the elastic characteristics of air springs. They
revealed that the cord angle and cord interval had a relatively greater effect on the elastic
characteristics of air springs. Lee et al. [10] conducted an air-spring simulation model with
rebar elements as fibers in the plies including the mounting steps of the air bag. They traced
the changing history of the ply angles of inner and outer plies during the full analysis. The
results indicated that the ply angles of fibers varied from 38 degrees to 56 degrees during
static loading. Weiser et al. [11] conducted a finite element model of an elastomer matrix
with inserted cord to compare the stress and behavior at the interface between the fiber and
the base material through experiments and finite element analysis.

The manufacturing process of a diaphragm-type air spring in which the upper and
lower beads have a different radius is more complicated than the sleeve type in which
the upper and lower beads have similar radius. The initial cord angle of the plies is
changed in the airbag because the bag is inflated through the vulcanization operation in
the manufacturing process. To accurately assign the angle of the ply to the airbag, different
angles must be entered for each position along the bag’s latitudinal direction. In the case
of sleeve-type airbags with similar radial lengths, assigning the angles is easy and a fiber
angle tracing is also possible during deformation if the angle is given at the initial stage
and the mounting process is analyzed [9,10]. In the case of a diaphragm-type air spring,
the angle is different for each position along the latitudinal direction due to the rounded
tube shape.

As a result of the literature surveys, there was no case of evaluating the stiffness in the
lateral and torsional directions by considering both angle changes by position and tracking
the angle during analysis in the diaphragm-type air spring. There was also no case of
evaluating how the initial angle, which was not constant for each location, affected the
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stiffness. Some studies were established with the cord angle constant because it was difficult
to predict and set up the angle according to the position of the airbag when predicting and
evaluating the stiffness of the diaphragm-type air spring. In addition, the influence of the
angle of the cord was small because the previous studies mainly focused on the prediction
of the vertical stiffness.

In this study, the relationship between the ply angle and the radial position is proposed
by measuring and converting the angle of the manufactured product. To model the fiber,
the angle is set in the air spring using the rebar element in ABAQUS, and the change of
the angle is predicted and verified during analysis. Based on the proposed equation, the
angle in the initial airbag was calculated and set up, and the model of the constant angle
and the model of the variable angle were analyzed. The effects were compared on vertical,
lateral, and torsional stiffness through air spring analysis at an internal pressure of 6 bar. In
addition, the method of applying the angle for each position to the ABAQUS input file is
presented together.

2. Ply Angle Prediction

The 684N model, a diaphragm type used in the past with the K-TGV high-speed train,
consisted of a rubber composite material reinforced with six layers of nylon fiber and inner
and outer rubber. The ply angle was measured at seven points from the bead part of the
upper plate (A) to the bead part of the lower plate (G), as shown in Figure 1 [5]. Airbags
have a total of three pairs of equally angled plies, and the ply angles are opposite in the
neighboring plies. The ply angle starts at point A and gradually increases until it passes
the outermost points C and D, and the ply angle gradually decreases as it goes to the inner
points E, F, and G.
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Figure 1. Measured cord angles of the 684N diaphragm-type air spring at the designated points from
the reference [5].

The author presented a calculation equation for the ply angle in an airbag using
the radius and initial angle in the reference [6] in 2001 as Equation (1). In this paper, an
equation for calculating the angle was additionally proposed and verified. Since the airbag
has an axisymmetric shape, a change in the radial position means a change in length in
the circumferential direction. When the airbag length in the circumferential direction is
increased by being pressurized or inflated, the thickness of the airbag reduces and the
length in the latitudinal direction increases.
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As shown in Figure 2, in a rectangle with the length in the same circumferential
direction as the base and the length in the same longitudinal direction as the height, as the
radius increases, the base increases. Regarding the change in thickness and height, in the
first case, only the thickness changes and the height remains the same, and in the second
case, there is no change in the thickness and the surface area of the airbag is the same
before and after the deformation. Finally, the third case is a case in which the height and
thickness are changed in proportion to the Poisson’s ratio due to the change in length in
the circumferential direction. In each case, when the initial angle is θ and the initial radial
position is r, the angle at the final position R can be expressed as α, and can be expressed
by Equations (1)–(3).

α = tan−1
((

R
r

)
tanθ

)
(1)

α = tan−1

((
R
r

)2
tanθ

)
(2)

α = tan−1
((

R
r
+ ν

(
R
r
− 1
))

tanθ

)
(3)

Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 14 
 

The author presented a calculation equation for the ply angle in an airbag using the 
radius and initial angle in the reference [6] in 2001 as Equation (1). In this paper, an equa-
tion for calculating the angle was additionally proposed and verified. Since the airbag has 
an axisymmetric shape, a change in the radial position means a change in length in the 
circumferential direction. When the airbag length in the circumferential direction is in-
creased by being pressurized or inflated, the thickness of the airbag reduces and the length 
in the latitudinal direction increases. 

As shown in Figure 2, in a rectangle with the length in the same circumferential di-
rection as the base and the length in the same longitudinal direction as the height, as the 
radius increases, the base increases. Regarding the change in thickness and height, in the 
first case, only the thickness changes and the height remains the same, and in the second 
case, there is no change in the thickness and the surface area of the airbag is the same 
before and after the deformation. Finally, the third case is a case in which the height and 
thickness are changed in proportion to the Poisson’s ratio due to the change in length in 
the circumferential direction. In each case, when the initial angle is 𝜃 and the initial radial 
position is 𝑟, the angle at the final position 𝑅 can be expressed as 𝛼, and can be expressed 
by Equations (1)–(3). 

 
Figure 2. Conceptual diagram of angle prediction equations. 

𝛼 ൌ 𝑡𝑎𝑛 ି ଵ ቆ൬𝑅𝑟൰ 𝑡𝑎𝑛𝜃ቇ (1)

𝛼 ൌ 𝑡𝑎𝑛 ି ଵ ቆ൬𝑅𝑟൰ଶ 𝑡𝑎𝑛𝜃ቇ (2)

𝛼 ൌ 𝑡𝑎𝑛 ି ଵ ൭ቆ𝑅𝑟 ൅ 𝜈 ൬𝑅𝑟  െ  1൰ቇ 𝑡𝑎𝑛𝜃൱ (3)

Figure 3 is a graph showing the change in ply angle at each position when changing 
from the radial position 137 to 340 mm after setting the ply angle of 11 degrees at the initial 
radius of 267 mm for the airbag model in Figure 4. Using the exponent of ൫𝑅 𝑟ൗ ൯ in Equa-
tions (1) and (2), Equation (1) and (2) are denoted as Angle_1st and Angle_2nd in Figure 
3, respectively. Equation (3) is expressed as Angle_poisson. Equation (3) with the Pois-
son’s ratio set to 0.3 and 0.5 are located between Equations (1) and (2). As the Poisson’s 

Figure 2. Conceptual diagram of angle prediction equations.

Figure 3 is a graph showing the change in ply angle at each position when changing
from the radial position 137 to 340 mm after setting the ply angle of 11 degrees at the
initial radius of 267 mm for the airbag model in Figure 4. Using the exponent of

(
R
r

)
in

Equations (1) and (2), Equation (1) and (2) are denoted as Angle_1st and Angle_2nd in
Figure 3, respectively. Equation (3) is expressed as Angle_poisson. Equation (3) with the
Poisson’s ratio set to 0.3 and 0.5 are located between Equations (1) and (2). As the Poisson’s
ratio increases, Equation (3) moves from Equation (1) to Equation (2). Considering the
change in thickness, Equations (1) and (2) represent the minimum and maximum ranges of
the angle change of the airbag surface.
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Figure 4. Air bag model for angle calculation and analysis.

The angle distribution according to the longitudinal position from the upper plate
to the lower plate of the airbag in Figure 1 is shown in Figure 5 for each ply by radial
position and ply angles based on the shape of the 684N air spring. Figure 5 shows the angle
calculated by setting the upper bead’s radial position of 282 mm and the initial angle of
36 degrees in the angle calculation equations. As a result of comparing the three angle
calculation formulas for each ply, all three proposed equations are in good agreement with
the measured data. It was found that the first ply fits Poisson’s Equation (3) well with
Poisson’s ratio of 0.49, the second, the fourth, and the sixth plies fit Equation (2) well,
and the third and the fifth plies fit Equation (1) well. Therefore, the proposed equations
are valid.
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Figure 5. Comparison of ply angle measured from 684N diaphragm air spring and angle distribution
using angle calculation equation: (a) 1st ply (inner); (b) 2nd ply; (c) 3rd ply; (d) 4th ply; (e) 5th ply;
(f) 6th ply.
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3. Numerical Verification

In addition to the changes in the manufacturing process, angle change also occurs
during inflation and deformation. Pressurization and deformation analysis were performed
on the sleeve-type airbag to verify that it fits well in the operation of the airbag. The analysis
model is the same as that used by the authors of [10] for the passenger-car model. In this
analysis, the reinforced fibers are modeled as rebar elements, and, as shown in Figure 6,
the initial airbag has the same radius in the longitudinal direction, so it is easy to input
according to the initial ply angle. Therefore, it is possible to check the change of the angle
according to the analysis. In Figure 6b, which is a deformed shape, the ply angle change of
five points was traced from the point close to the piston in the +x direction to the lower base.
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Figure 6. Analysis model of a passenger car air spring [10] and the 5 points to trace: (a) initial model;
(b) deformed shape.

The hollowed dot symbols in Figure 7 indicate the change of ply angle in the simulation
as a radial position for the five points tracing the angle. Among the angle calculation equa-
tions, Figure 7 shows the case of Poisson’s ratio of 0.4 and 0.5 in Equation (3). Equation (1)
has a large difference as the radial position increases, and Equations (2) and (3), using Pois-
son’s ratio, are considered to fit the change of ply angle well in the analysis. In particular,
the Poisson’s ratio of 0.5 agrees better with the analyzed value.
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According to the compression of the piston, the angle changes of the two points of the
part that folds inward along the piston and the lower part of the airbag and three points
that greatly deform outward in the airbag are shown in Figure 8a,b. In the case of using the
rebar element, the angle is continuously tracked even in the area where the airbag is folded
inward, and the case of using the Poisson’s ratio of 0.5 in Equation (3) is the most correct
for the change value of the angle.
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Figure 8. Angle calculation results and simulation results during inflation and compression analysis
in sleeve-type air spring: (a) 2 outer points; (b) 3 middle points.

4. Effect of Angle Distribution on Air Spring Constants
4.1. Setup Ply Angle Distribution in ABAQUS

Unlike sleeve-type air springs, diaphragm-type air springs have different angles
depending on their location, so even when using a rebar element, different angles must
be set in the longitudinal direction from the upper plate to the lower plate. Because shell
elements are mainly used in the analysis of air springs, the air springs are geometrically
modeled with thick lines, as shown in Figure 9. In general, the height direction of the air
spring is set as the y-axis, and the airbag is positioned in the x and z directions. If the
coordinate system is defined based on (1,0,0) and (0,1,0), the normal direction of the shell
is set in the direction of the cavity of the airbag. In order to define the angle of the ply, a
cylindrical coordinate system must be set on the rebar element.

If the global origin is set as the origin of the cylinder coordinate system and the +y-axis
is set as the reference axis, the direction 1 of the rebar element will change in two out of
three areas, as shown in Figure 9. That is, in the Outer-Upper region and the Outer-Lower
region, the normal vector of the shell element is in the −x direction, and in the Inner-Lower
region, the direction 1 is opposite to the +x direction. Therefore, based on the longitude
line, the rebar angle is 180 degrees different between the Outer-Upper or the Outer-Lower
region and the Inner-Lower region. That is, if the ply angle based on the longitude line is
set at ±16 degrees, it becomes 90 ± 16 degrees in the Outer-Upper or Outer-Lower region,
and 270 ± 16 degrees in the Inner-Lower region.

Figure 10 shows the direction vector of the rebar element when the rebar element is
used. Figure 10a shows the case where the ply angle is 0 degrees, and the sky-blue color
indicates the fiber direction of the ply. Figure 10b shows the case where different ply angles
are set for each position, and direction 2 (yellow color vector) is opposite to each other at
the Outer-Lower region and Inner-Lower region interfaces.
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4.2. Analysis Conditions and Results

In order to analyze the effect of the ply angle distribution on the characteristics of the
air spring, a diaphragm-type air spring with the shape shown in Figure 4 was analyzed.
The airbag used a full model without symmetry. This part will be explained through the
results. The longitudinal direction of the airbag was divided into 110 shell elements, and
the circumferential direction was divided into 50 pieces at intervals of 7.5 degrees. Since the
ply angle using the rebar element is input for each element, the airbag was divided into a
total of 110 element sets by grouping the elements in the circumferential direction into one
set. The angle was written to the input file using programming. The airbag was divided
into three regions by the method of the previous section, and the ply angle was entered
according to the angle setting method in each region. The diameter of the reinforced fibers
was 0.54 mm, and the spacing between fibers was inputted as 28EPI (EA/inch) at the inner
bead part and 9EPI at the outer bead part.

The thickness for each location was obtained through measurement. The average
thickness of the airbag, excluding the vicinity of the upper and lower beads, is 4.7 mm, and
has a maximum thickness of 13 mm at the lower bead and 8.5 mm at the maximum at the
upper bead. The thickness distribution is shown in Figure 11a. The reinforcing fiber was
nylon 66, and the reference [12] for mechanical properties was used.
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The angle at the maximum radial position of the airbag was measured as 16 degrees.
For the constant angle model, 16 degrees was set based on the maximum angle of the airbag.
In order to obtain the angle calculated for each position, 267 mm, which is the radius of
the upper bead, was used for the initial radial position, and 11 degrees was used for the
initial angle to set the maximum angle of the airbag to 16 degrees. Using Equation (3) with
the Poisson’s ratio of 0.5, the ply angle with respect to the radial position was obtained,
as shown in Figure 3. The result of applying the angle to the rebar element is shown in
Figure 11b using a vector.

For analysis, after pressurizing to 6 bars, vertical compression, lateral deflection, and
rotational twist were applied, sequentially. The rebar force distribution on the ply for each
step of the variable ply angle case is shown in Figure 12, and the constant angle case is
shown in Figure 13.
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Figure 13. Distribution of rebar force (RBFOR) during analysis at constant ply angle distributions:
(a) inflation; (b) vertical compression; (c) lateral deflection; (d) torsional rotation.

In Figure 12, where the angle is assigned as a constant, the maximum force applied
to the ply appears in the airbag in the area close to the bottom plate. In the change of
angle shown in Figure 3, the angle decreases toward the lower plate and should be placed
parallel to the longitudinal axis by approximately 3 degrees. Therefore, when stretched in
the circumferential direction by the internal pressure, the ply receives a large force. This
has the effect of increasing the stiffness in the circumferential direction at the position of
the inner airbag close to the bottom plate. The rebar force appears larger at a constant angle
model, especially in torsion, which is 44.51N and 58.86N, which is up to 32% larger.

The characteristic diagram of the air spring is shown in Figure 14. As the internal
pressure increases, the vertical force increases. In both cases, similar values are shown.
When the internal pressure was 6 bars and the air flow was locked and the pressure was
changed according to the volume, then vertical, lateral, and rotational loads were applied.
In the case of vertical compression, there is not much difference between the two cases,
but the lateral and rotational directions are significantly different. In the case of a constant
angle, the reaction force/moment curve appears high in lateral deflection and rotational
torsion, and the reaction force curve appears low in vertical load.

Table 1 summarizes the important spring characteristics for both cases. There is almost
no difference in the vertical load and vertical stiffness at the internal pressure of 6 bars, and
the outer diameter and height indicating the shape are also almost the same. However,
in the variable ply angle model, the lateral stiffness was 24.3% lower, and the rotational
stiffness was 30.2% lower than that of the constant angle model.
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Figure 14. Variation of characteristic data for the air spring simulation: (a) Vertical force vs. internal
pressure; (b) Vertical force vs. compressive deflection; (c) Lateral force vs. lateral deflection; (d) Torque
vs. rotation.

Table 1. Comparisons of characteristic data with respect to the ply angle variation for the air spring
analysis at inflating pressure of 6 bars.

Characteristic Data Constant Ply Angle Variable Ply Angle Difference Ratio

Vertical Force (kN) 128.6 130.6 1.5%
Vertical Stiffness (N/mm) 850.6 880.2 3.5%
Lateral Stiffness (N/mm) 99.1 75.0 −24.3%

Torsional Stiffness (Nm/Deg.) 450.2 314.1 −30.2%
Outer Diameter (mm) 676 678 0.3%

Height (mm) 178.7 176.8 −1.1%

From this result, many of the existing analyzes that do not impose variable ply angles
for each location mainly compared only the vertical stiffness and the outer shape, so that
there were many results consistent with the experiment and the analysis. However, it can
be seen that in order to study the lateral stiffness and torsional stiffness, the variable angles
should be imposed for each position.

4.3. Discussion of Air Bag Modeling

The torque at the fixing point of the lower plate is shown in Figure 15, according to
the analysis steps. Step 1 is the pressurization and reference position, step 2 is compression,
step 3 is the reference position, step 4 is tension, step 5 is the reference position, step 6 is
lateral deflection, and step 7 is the reference position. Up to step 5, the load step is generally
used to obtain the vertical stiffness, and usually axisymmetric or half-symmetry is used.
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In Figure 15, even step 5 produces rotational torque, which means that it is not an
axisymmetric or half-symmetric problem. The reason the torque appears is that the plies
are attached symmetrically and assume that they are symmetrical, but in actuality, the
plies are positioned differently in the radial direction. Therefore, even if the angles are the
same, different results are displayed when a load is applied. Therefore, for a more accurate
analysis, a full model analysis should be performed for airbag characteristic analysis.

5. Conclusions

In this study, it was proposed that equations for predicting the change in the ply angle
by a radius position based on the ply angle and the initial radius during manufacturing of
the air spring. Based on the thickness direction deformation, the maximum and minimum
values of the ply angle change were presented, and an angle prediction equation using
Poisson’s ratio was proposed. It was confirmed that the proposed equations were valid by
comparing with the measurement angle of the diaphragm-type air spring. For sleeve-type
springs in which the initial angle can be easily set for a finite element simulation, the ply
angle change during deformation was calculated using the rebar element, and the prediction
equations were shown to be valid by comparing them with the angle-prediction equation.

Finally, the spring stiffness and shape change were compared between the case where
a constant angle was input for the diaphragm-type air spring and the angle input by the
prediction equations. There was no difference in the vertical load, stiffness, and shape
in both cases, but the difference in lateral stiffness and torsional stiffness was 24.3% and
30.2%, respectively. It was found that for accurate prediction, the variable ply angle had to
be input differently for each location.

In the simulation of the air spring to predict the spring characteristics and deformation
shape, it is necessary to trace the change in angle and input an appropriate angle according
to the initial position. Otherwise, it may be possible to predict the load or stiffness in
the vertical direction, but it is highly likely to fail in the prediction of the stiffness in the
lateral and torsional directions. Practically, the angle in the initial shape can be obtained
by measuring it after manufacturing, but it can be predicted in advance using the formula
presented in this paper. According to the shape of the airbag, it is suggested that the angle
for each position can be calculated by a formula, so air-spring researchers will be able
to easily adopt it. In the air spring analysis, the angle should be entered based on the
cylinder coordinate system, and the airbag section should be divided into regions and
setup as suggested in this paper. In addition, it was suggested that the full air bag should
be modeled for air spring analysis by confirming the occurrence of reaction torque at the
fixed point.
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