
On the dynamic stiffness of air springs at medium-high 
frequencies 

N. Gil-Negrete 1,2, F.J. Nieto 1,2, A. Pradera-Mallabiabarrena 1, J. Gonzalez-Prada 1 

1 Tecnun, Dep. of Mechanics and Materials, University of Navarra. San Sebastian, Spain 

e-mail: ngilnegrete@ceit.es 

 
2 Ceit-IK4 Technology Center, Division of Transport and Energy. San Sebastián, Spain 

Abstract 
Vertical static and dynamic stiffness of a commercial air spring is investigated. Experimental 

measurements of the dynamic stiffness of the air spring are conducted first in an Instron hydraulic testing 

machine, up to 400Hz, with and without auxiliary air reservoir. Experiments allow concluding that 

structural vibrations modes might exist in the structure-borne vibration transmission frequency range, 

whose frequency and amplitude depend on the pressure and excitation amplitude. Furthermore, a FEM 

model developed in ABAQUS and validated by comparison to measurements, allows establishing that 

construction parameters influence the dynamic behavior of the air spring. More precisely the angle at 

which fibers are disposed has the highest influence in the natural frequency of the first vibration mode. 

1 Introduction 

Many engineering applications require the use of elastic, resilient, bushings or mounts to decouple the 

vibration from a source to a receiving structure. In order to improve isolation, air springs, instead of full 

rubber mounts, have been adopted in industry and vehicles. 

Air-springs as suspension elements are more and more employed in the suspension system of vehicles. 

Their soft stiffness, combined with the weight of the car body, lead to low vertical mode of the vehicle 

that works as a low pass filter that minimises the transmission of vibrations at higher frequencies. Thus, it 

is widely accepted as an excellent solution to improve passengers’ comfort, being adopted, for example, as 

secondary suspension elements of railway vehicles [1-2]. 

An air-spring is composed of an elastic chamber, usually manufactured of rubber to which reinforcing 

fibres are added, and filled with air at different working pressures. The elastic chamber is connected to an 

auxiliary air reservoir through a pipe, enabling the possibility of controlling the pressure into the air-spring 

in order to maintain the height of the vehicle constant [3]. 

The vertical static and dynamic behaviour of an air-spring for different applications (railway vehicles, 

cars, machinery) at low frequencies (usually up to 20Hz) has been extensively studied (see, for example, 

references [2-6]). Alonso et al. [2] even propose a solution to optimise the behaviour of air springs used as 

secondary suspension system in railway vehicles and improve the comfort of passengers. In absence of air 

reservoir, it has been experimentally stated that the vertical dynamic stiffness of the air-spring is almost 

constant at a particular pressure. When the air-spring is connected to the auxiliary air reservoir the 

dynamic stiffness shows a peak that could be interpreted as the natural frequency due to the air blocked 

within the connecting pipe. 

Nevertheless, the dynamic behaviour of air-springs at the highest frequencies has not been studied 

thoroughly. As any other finite structure, air springs are subjected to resonance frequencies that can 

increase the transmissibility of this suspension element. In the case of railway vehicles, for example, the 

wheel-rail contact is an important source of vibrations and noise, transmitted to the car body through 

suspension elements. Structure borne transmission vibration occurs in a frequency range up to 300Hz 
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approximately [1]. In case the resonance frequencies of the air spring lie in this range of frequencies a 

significant reduction in the isolation might occur. 

Concerning modelling in the 0-20Hz frequency range, different models have been proposed and studied in 

literature, with different complexity levels [2-5, 7]. They are usually classified into equivalent mechanical 

models and thermodynamic models. Typical equivalent mechanical models include the Nishimura model, 

Simpack model, Vampire model, Berg model; typical thermodynamic models implement a mathematical 

description of the transformations taking place in the thermodynamic state of the air filling the bellow, the 

auxiliary reservoir and the connecting pipe. Thermodynamic models are based on the physical properties 

of the system [4]. Mechanical models on the other hand, such as vampire, simpack or Nishimura models, 

consist of a number of springs, dashpots and masses; some of the values of the parameters can be derived 

from the physical quantities of the air-spring, reservoir and pipe system [2-4]. When there is not a direct 

connection or difficulties are encountered, experimentation has also been widely used (when possible) to 

obtain model parameters [3, 9].  

Mazzola and Berg [4] compare the performance of six air spring models with respect to vertical dynamics 

in the 0-20Hz frequency range. Alonso et al. [2] also include an interesting review of some analytical 

models. Some other authors propose their own analytical models, i.e. Nieto et al [5] and Chang et al [8]. 

Although many of this popular analytical models address the influence of geometry of the elastic chamber 

(volume and effective area of the bellow), the influence of the number and disposal of reinforcing fibres in 

these physical parameters (and, thus, in the lateral or vertical stiffness of the air-spring) cannot evaluated. 

The application of nonlinear Finite Element Analysis (FEA) can overcome this limitation of parameter 

calculation formulae and allows investigating the impact of fibre angle, fibre cross sectional area and 

spacing in the static stiffness [10-12]. Till now, FEM models of air-springs have only been applied to 

evaluate the static vertical stiffness, ignoring the influence of constructive details in the dynamic 

behaviour and natural frequencies of the air-spring. 

The present research is focused in experimentally studying the dynamic behaviour of a small air-spring in 

the 0-400Hz frequency range, both with and without an auxiliary air reservoir and connecting pipe. 

Furthermore, a FEM model of the air spring is proposed, that enables establishing which are the most 

influencing parameters in the vertical stiffness and resonant frequencies of the air spring. The model could 

be used to optimize the internal structure of the air-spring when seeking for a particular behaviour of the 

suspension element in the 0-400Hz. Furthermore, parameters for analytical models could be extracted 

from the simulations. 

2 Experimental characterization of a commercial air spring in the 
medium-high frequency range 

A typical air spring for machinery and tool applications was selected; due to its size it could be tested in a 

high stroke frequency machine (see Figure 1). It is a single-bellows air-spring, of 145mm of diameter and 

working height of 90mm. It is made of natural rubber, reinforced with two layers of nylon fibers. The air 

spring could be connected to an auxiliary air reservoir, as shown in Figure 2. 

The static and dynamic stiffness were measured in a commercial hydraulic Instron testing machine, 

MHF25l, equipped with a LVDT of ±25mm and calibrated force sensor of ±20kN. Previous to static and 

dynamic tests the inner pressure in the air-spring was increased to 2, 4 and 6 bars and the force exerted by 

the air-spring was measured. The static tests were conducted in displacement control at a test speed of 0.2 

mm/s, low enough in order to ignore viscous effects of rubber and effects associated to the flow of air 

between the air-spring and the reservoir. Applied displacement was of ±5mm.  
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Figure 1: Selected air spring at ambient pressure, mounted in the Instron MHF25 testing machine 

 

Figure 2: Air-spring and auxiliary air reservoir 

Results of quasi-static tests are shown in Figure 3. The force exerted in the air spring at a nominal working 

height of 90mm when different pressures are considered are in good agreement with the data sheet 

provided by the manufacturer (see Figure 4). The air spring reaction force might be expressed as: 

𝐹 = 𝑝 𝐴𝑒𝑓𝑓 

Where p is the internal pressure and Aeff is known as the effective area of the air spring. The vertical air 

spring stiffness corresponds to the change in force when a vertical displacement is applied and it is 

attributed to two phenomena: internal volume (pressure) variation due to the compression of the air spring 

and variation in the effective area that the pressure is acting on. Mathematically [8]: 
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Considering that the characteristics of the air in the bellow, given that the air mass is maintained constant, 

are expressed as: 

𝑝𝑉𝑛 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 

The static stiffness of the air spring is calculated as the slope of the load/displacement loops in Figure 3 

and it is pressure dependent, changing from 51 N/mm at 2bar to 127 N/mm at 6bar (see Table 2). 

 

 
 

Figure 3: Measured static load/displacement curves Figure 4: Data sheet from manufacturer 

– forces at different pressure levels [13] 

 

The dynamic stiffness was measured up to 400Hz by means of stepped sine tests at different amplitudes 

and pressures, with and without the auxiliary air reservoir. Results in Figure 5, Figure 6 and Figure 7 

allow concluding: 

• The first resonance at the lowest frequency, 15Hz, corresponds to the natural frequency of the air 

blocked within the connecting pipe [2]. It disappears when the air reservoir is eliminated from the 

system 

• The stiffness of the system with auxiliary air reservoir converges to the one without it after the 

lowest resonance [2] 

• As test frequency is increased, the stiffness magnitude increases its value by 10 due to the 

appearance of a new peak (Figure 5) 

• Results in Figure 6 show that stiffening of the air spring occurs regardless the pressure in the 

bellows, even at ambient pressure, confirming that it is due to a structural mode. It was further 

confirmed by a slow motion video recorded at the resonant frequency, in which it was seen that it 

belongs to the first vertical mode of the structure 

• Higher pressure in the bellow leads to higher natural frequency and higher dynamic stiffness of 

the air spring (Figure 6) 

• The resonant frequency and the amplitude of the dynamic stiffness are also dependent on the 

amplitude of the excitation, leading to a non-linear behaviour (Figure 7) 

 

2bar 

4bar 

6bar 
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Figure 5: Dynamic vertical stiffness of air spring, with and without air reservoir 

 

Figure 6: Dynamic vertical stiffness of air spring at different pressures 

 

The most important conclusion of this experimental research is that structural modes of the air spring 

might be found in the structure borne vibration transmission frequency range, thus reducing isolation 

provided by these elements. The natural frequency of the air spring and the magnitude of the dynamic 

stiffness are highly dependent on the working pressure of the air spring. 
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Figure 7: Influence of excitation amplitude in the vertical dynamic stiffness of air spring at 2bar 

3 FEM model of the air spring 

The elastic chamber or bellows of an air spring is a relatively complex structure, consisting of rubber 

reinforced by uniaxial fibers. FEM arises as a suitable tool to evaluate the influence that construction 

elements of the air spring have in the static stiffness and resonant frequencies of the air spring. In order to 

develop an accurate model some information was collected from the manufacturer (see Figure 8) and 

finally the air spring was cut to get some data on the real geometry (height, thickness, diameter, etc) and 

size and disposal of the fibers. 

 

 

Figure 8. Inner structure of the bellow, provided by manufacturer [13] 

It was discovered that there were two layers of nylon fibers, with a diameter of approximately 0,5mm per 

fiber. Fiber spacing was difficult to determine and it was assumed to be 1mm. The fibers were disposed at 

an angle of 60º an -60º at each layer (corresponding 0º to the circumferential arrangement). Natural rubber 

was supposed to be of Shore A 50 hardness. No other information was available from manufacturer or 

direct observation of the air-spring. 

The FEM model of the air-spring was built in ABAQUS, making use of the rebar element option to deal 

with reinforced structures available in the software [14]. Rebars are used within ABAQUS to define layers 

of uniaxial reinforcement in membranes, shell, surface or solid elements. Shell elements were selected in 

the case of the air-spring, the bellows thickness being much smaller than the surface. Two upper and lower 
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plates were also considered and introduced in the model as rigid plates compared to the bellow (Figure 9). 

The air inside the cavity was not discretized; the coupling between the air inside a cavity and the structure 

was modelled through hydrostatic fluid modelling capabilities of ABAQUS [14, 15]. The model was 

composed of 6791 S4-type elements. 

As for material properties, rubber material shows non-linear elasticity that could be represented by 

hyperelastic models available in commercial finite element codes [16]. Material dependent constants in 

phenomenological strain energy functions should be fitted from experiments conducted in uniaxial and 

shear deformation modes in material specimens. Nevertheless, the absence of available material samples 

made it impossible to conduct a thorough characterization of the elastic properties of rubber. An elastic 

behavior was therefore assumed, that could be valid at low deformations, adopting a value of 2MPa for the 

Young’s modulus, which approximately corresponds to a rubber of Shore A 50 hardness [17]. Rubber was 

assumed to be incompressible and, thus, a Poisson coefficient of 0,495 was adopted. Regarding the nylon 

of the fibers, a Young’s modulus of 3100MPa and a density of 1140 kg/m3 were considered, according to 

literature. 

The air reservoir was not taken into account in the model developed in ABAQUS and, thus, only static 

stiffness and dynamic calculations without reservoir could be conducted. Three different steps were 

defined: 

1. A static step to increase the inner pressure of the air spring to the desired working value. The 

upper and lower metallic plates were encastred in the working position and the pressure in the 

reference point of the cavity was increased up to 2, 4 and 6 bars. 

2. In the working position and the desired pressure, a natural frequency extraction was conducted to 

obtain the resonance frequencies and mode shapes of the air spring. 

3. Finally, the upper metallic plate was displaced vertically in order to calculate the static stiffness of 

the air spring. 

Figure 9, middle and right, show the undeformed and deformed shape of the air-spring respectively, for an 

inner pressure of 4 bars. 

 

       

Figure 9. FEM model off the air-spring. Left: green surface corresponds to metal plates and white surface 

is the elastic bellow; Middle: undeformed shape; Right: deformed shape under 4bar inner pressure 

Simulation results are compared to experimental ones in order to validate the FEM model developed. 

Static force-displacement curves are compared in Figure 10 and Figure 11, for internal pressures of 2 and 

4bar. Results corresponding to 6bar are not shown, but they follow a similar pattern. Simulations predict 

satisfactorily the static stiffness of the air spring in vertical direction. According to Table 1 and Table 2 the 

force exerted by the air spring for different inner pressures is predicted with errors below 5%. Higher 

differences, about 10%, are observed in the pressure dependent static stiffness. 
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Figure 10: Experiments vs. simulation, 2 bar Figure 11: Experiments vs. simulation, 4 bar 

 

  

Table 1: Force after applying inner pressure Table 2: Static stiffness (N/mm) 

 

Concerning natural frequencies of the air-spring, values at 2bar and 4bar could only be compared, in a 

frequency range up to 400Hz where only one vibration mode is appreciated. The natural frequency is 

better predicted at the highest pressure, being the errors below 10% in both cases. The first vibration mode 

calculated corresponds to the first vertical vibration mode, as illustrated in Figure 12. 

 

 

Table 3: Natural frequency of the first structural mode of the air spring 

 

Figure 12: Mode shape 1 

Pressure 

(bar)

Force (N) at 

pressure
FEM (N) % error

2 1045 1067 2.1%

4 2177 2157 0.9%

6 3146 3273 4.0%

Pressure 

(bar)

Static stifness 

(N/mm)

FEM 

(N/mm)
% error

2 51.3 55.6 8.4%

4 88.7 98.7 11.3%

6 127.3 140.5 10.4%

Pressure 

(bar)

Natural 

frequency 1st 

mode (Hz)

FEM (Hz) % error

2 250 225.67 9.7%

4 320 306.87 4.1%
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Figure 13: Mode shape 2 of the air spring 

Considering the approximations adopted in the geometry and the lack of data for an accurate definition of 

the rubber and nylon materials, it is concluded that the model satisfactorily predicts the behavior of an air 

spring without auxiliary air reservoir. The FEM model might also be used to obtain physical quantities 

related to analytical models of air-springs without having to perform experiments, as shown in Figure 14, 

where the vertical displacement has been extended to 20mm. The effective area increases with applied 

deformation while the volume of the air spring decreases. 

 

 

Figure 14. Calculation of effective area and volume of the air spring 

4 Design parameter sensitivity analysis 

Finally, the FEM model developed in section 3 has been used to evaluate the impact of several 

constructive parameters in the static stiffness and natural frequency values of the air spring. Parameters 

considered are: orientation angle of fibers, fiber spacing and diameter of the cross-sectional area of the 

fibers. 

The most influencing parameter is the orientation of the fibers in the air spring. According to Figure 15 

differences might be expected specially when the orientation angle is changed between 30º and 70º. Table 

4 shows that significant differences might appear in static stiffness and also in the natural frequency of the 

1st mode of vibration, which could reduce its value to around 100Hz at 20º, well below the 300Hz 

estimated at 60º. 
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Figure 15: Force exerted by the air spring when 

internal pressure is set to 4bar. Influence of angle 

Figure 16: Load/displacement curves for different 

fiber angles 

 

 

Table 4. Evolution of air-spring characteristics with the angle of fibers 

On the other hand, the spacing of fibers in the layers does not seem to influence much the results of static 

stiffness, at least in the range considered here, between 0.5 – 1.5mm, see Figure 17. According to Table 5 

the first natural frequency remains unaffected by the changes in the spacing of the fibers; it is the second 

vibration mode the one that changes the value in a higher degree due to the fiber spacing. 

 

Figure 17: Load/displacement curves for different fiber spacing values 

Fiber 

angle (º)

Force (N) at 4 

bar

Static stiffness 

(N/mm)

Natural 

frequency 1st 

mode (Hz)

Natural 

frequency 2nd 

mode (Hz)

20 2763.44 95.204 338.47

30 2691.07 57.8 156.07 383.92

45 2420.81 85.9 251.86 407.14

60 2157.36 102.7 306.87 392.03

70 2044.96 109.6 327.43 369.55

80 1980.85 338.72 347.79
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Table 5: Evolution of air-spring natural frequencies with the fiber spacing in the layers 

 

Finally, the influence of the size of the cross sectional area of the fibers could be evaluated. Diameter of 

the fibers have been changed between 0,3mm and 0,7mm. An increase in the cross-sectional area seems to 

increase the force exerted by the air spring when it is subjected to 4bar internal pressure (Figure 18); it 

might have to do with a small reduction in the effective area of  the air spring. Nevertheless, the range of 

values should be expanded in order to extract more definite conclusions. Once again the natural frequency 

of the first vibration mode remains practically unaffected by the changes in the fiber diameter in the range 

of values considered here; it is the second mode the one that changes the value of the resonant frequency 

when the cross-sectional area is modified. 

 

 

Figure 18: Load/displacement curves for different fiber diameters 

 

 

Table 6: Evolution of air-spring natural frequencies with the fiber diameter 

5 Conclusions 

Experimental measurements have been conducted in a commercial air-spring in vertical direction, 

connected to an air reservoir and disconnected from it.  

Fiber 

spacing 

(mm)

Natural 

frequency 

1st mode 

Natural 

frequency 

2nd mode 

0.5 296.57 437.07

1 306.87 392.03

1.5 308.9 369.95

fiber 

diameter 

(mm)

Natural 

frequency 1st 

mode (Hz)

Natural 

frequency 2nd 

mode (Hz)

0.3 306.71 342.03

0.5 306.87 392.03

0.7 296.96 435.82
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Both the force exerted by the air spring and the static stiffness have found to be pressure dependent. 

From dynamic measurements without the auxiliary air reservoir, the existence of natural frequencies 

below 400Hz of the air spring has been confirmed, being the frequency value and the amplitude of the 

stiffness dependent on the pressure and amplitude of excitation, resulting in a non-linear behaviour. When 

the air reservoir is connected, it is confirmed that the further increase in the stiffness appreciated at the 

highest frequencies has a structural origin. 

The stiffness of the air spring is not maintained constant in the whole frequency range. The structural 

mode of the air spring might increase in an order of magnitude the dynamic stiffness of the air spring in 

the structure-borne vibration transmission frequency range, with the risk of reducing the isolation provided 

by the suspension element. 

A FEM model of the air spring has been developed in ABAQUS, making use of the Rebar facilities 

implemented in the commercial code for reinforcing elements. Despite assumptions adopted when 

creating the model for the material behaviour of rubber and nylon, and for some structural elements of the 

air spring such as the diameter or spacing of fibers, the model satisfactorily reproduces the observed 

behaviour of the tested air spring. Errors in predicted static stiffness and values of resonant frequencies are 

below 10%. 

The FEM model allows studying the influence of the different parameters in the response of the air spring 

and, thus, it is oriented to provide hints to designers in order to achieve desired static and dynamic 

behaviour. It has been stated that the angle at which reinforcing fibres are disposed has the greatest 

influence both in the static and dynamic stiffness of the air spring. The influence is higher in the 30º-70º 

range, being 0º the circumferential arrangement of the fibers. Natural frequencies at 100Hz might be found 

for the smaller angles considered.  

Other parameters, such as spacing of fibers or diameter of the cross-sectional area of the fibers, have been 

found to have less influence in the results. The natural frequency of the first vibration mode in vertical 

direction remains practically unaffected by the changes in these parameters. Nevertheless, the research 

should be completed with more simulations, extending the range of variation of the parameters. 
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