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Abstract: The prototype of the on-board Obstacle Detection System (ODS), for GoA2 

freight trains, was developed in the frame of H2020 project SMART. The developed 

prototype uses vision-based sensors, for environmental perception and obstacle detection. 

As severe image distortions while capturing imaging data can occur due to vibrations of 

the moving vehicle, the ODS of autonomous rail vehicles must be isolated from vibrations 

transmitting from the vehicle to have reliable image acquisition and post process analysis. 

The passive vibration isolation system was specially designed for suppression of moving 

rail vehicle vibrations during development of the ODS prototype. The paper presents the 

designed passive vibration system, as well as, experimental verification of its performance 

in operational conditions. Furthermore, two viscoelastic constitutive models, Voigt-Kelvin 

and Voigt-Maxwell, were applied to predict the dynamic response of vibration isolated 

ODS by using the real experimental data as system excitation. 
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1 Introduction 

In many applications, the presence of harmful vibrations is unavoidable which is 

reducing the designed performance of machines and systems while emitting noise 

to environment [1]. The harmful vibrations in engineering, not only affect the use 

and working efficiency of precision instruments, but they may also trigger damage 
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and accordingly, compromise structural integrity [2] [3]. Cameras and other vision 

sensors, as precision instruments mounted on vehicles, are especially sensitive to 

vibrations [4]. 

Autonomous rail vehicles for environment perception and obstacle detection by 

vision-based sensors must have image stabilization to have reliable image 

acquisition and post process analysis [5]. It can be found in many sources that, at 

frequencies greater than 5 Hz, severe image distortions can occur [6]. With high 

image resolution, large optical zooming of the image and at low lighting 

conditions, the image distortion problem, due to vibrations, becomes more notable 

[6]. Many different image stabilization techniques have been developed to prevent 

distortion of image quality due to vibrations. Image stabilization techniques can be 

classified into four major categories: optical stabilization, digital stabilization, 

electro-mechanical and mechanical stabilization [7]. 

Mechanical stabilization operation principle is the isolation of the vision-based 

sensors from the vibration source. This way, vibrations cannot be suppressed 

completely, but amplitude of vibrations are significantly reduced, enabling further 

optical or digital stabilization [8]. Mechanical stabilization is done by 

implementing isolation devices made from materials possessing properties of 

elasticity and damping [9]. The mechanical isolators for imaging applications can 

be categorized in three major groups: solid viscoelastic dampers (rubber or rubber 

– metal springs); hysteretic isolators (metal springs, wire rope isolators); 

hysteretic-viscoelastic fluid isolators (combination of metal springs with fluid 

dampers). Isolation devices can realize vibration isolation in a wide range of 

frequencies, but only when the excitation frequency is 2  times higher than the 

natural frequency of vibrating system [10]. The rubber or rubber-metal springs are 

most often used as mechanical stabilization vibration isolators. Special types of 

rubber-metal springs were developed for isolation of sensitive instrumentation, 

measuring equipment and vision-based sensors. Noted springs for sensitive 

equipment have low natural frequency and ability to isolate vibrations in all three 

directions - vertical, lateral, and longitudinal. 

Prediction of dynamic response, transmissibility and stability are major concern 

during the design of rubber-metal vibration isolators; thus a large number of 

authors deals with noted topics. The authors use analytical models solved directly 

or numerically [11-14] and finite element simulations with rubber constitutive 

models [15-17] to predict dynamic response and the transmissibility of vibration 

isolators. In most of the studies by other authors, the disturbing force is modelled 

as a sinusoidal input or as a white noise [18] to predict the dynamic response, 

transmissibility, and stability. 

The development of railway transportation will be an increasingly important task 

for further developing of society in the 21st Century [19]. To contribute to railway 

transport increase of quality, effectiveness, and capacity while opposing the strong 

competence of other transport means [20], the prototype of the on-board Obstacle 
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Detection System (ODS) for GoA2 freight trains was developed in the frame of 

H2020 project SMART [21]. As the ODS uses vision-based sensors for 

environment perception, the passive vibration isolation system was specially 

designed for suppression of vibrations transmitting from the moving vehicle to the 

ODS. The paper presents the designed passive vibration system, as well as 

experimental verification of its performance in operational conditions for a cargo 

train in service. Furthermore, the viscoelastic Voigt-Kelvin and Voigt-Maxwell 

constitutive models were applied to predict the dynamic response by using the real 

experimental data for excitation of the system. The parameters of Voigt-Kelvin 

and Voigt-Maxwell models were determined by Monte Carlo simulation. 

2 Vibration Isolation of the Railway ODS 

The on-board freight train ODS prototype integrates three RGB cameras, thermal, 

night vision camera, and a 3D laser scanner (LiDAR) integrated into custom 

developed housing [8] as shown in Figure 1. The ODS housing is supported by the 

mounting plate rigidly connected to locomotive car body below the locomotive 

headlights. To prevent transmission of vibrations from the moving vehicle, via the 

mounting plate, to the ODS housing and thus, vision-based sensors, a passive 

vibration isolation system was designed. 

 

Figure 1 

The SMART ODS prototype mounted onto the Serbia KARGO 444-018 locomotive [22] 

As previously stated, for vibration isolation it is necessary that excitation 

frequency is 2  times higher than the natural frequency of vibrating system - 

ODS housing and isolator assembly. The problem with vibrations transmitting 

from the rail vehicle to the ODS lies in the fact that there are multiple excitation 

frequencies which are not known. If one observes the diagram from Figure 2 it is 

SMART 

ODS 
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evident that series 444 locomotive (SMART ODS evaluation vehicle) traveling at 

75 km/h at straight line has multiple resonant frequencies. In such case, widely 

adopted approach is to lower the vibrating system natural frequency, as much as 

possible, to achieve higher ratio between the excitation and vibrating system 

frequency. This is achieved by lowering the isolator stiffness which leads to larger 

displacement, thus lower vibrating system natural frequency, but the expense of 

static bearing capacity as it can become insufficient. 

 

Figure 2 

Vibration spectre of Serbia KARGO series 444 locomotive car body at 75 km/h on straight line [7] 

Furthermore, the damping ratio should be as large as possible as high damping 

will reduce the maximum possible transmissibility when the excitation frequency 

value is around natural frequency of the vibrating system. By analysis of vibration 

spectre given in Figure 2, it is evident that the natural frequency of the vibrating 

system must be below 8 Hz to isolate vibrations for a vehicle resonant frequency 

of around 11.5 Hz. The first 2 resonant frequencies (at ≈2 and ≈4 Hz) can be 

neglected due to lower amplitude and the already stated fact that vibrations bellow 

5 Hz will not downgrade quality of acquired images or can be easily mitigated 

with digital and optical stabilization. Based on requirements discussed above and 

due to good damping characteristics, and good static bearing capacity it was 

decided to design the vibration isolation system with rubber - metal springs.  

In principle, mechanical suppression of low frequency vibrations is possible only 

with a negative damping system which is not feasible for usage on the vehicle. 

The goal of adopted approach is to have a simple and low-cost vibration 

suppression system with proven service reliability. Furthermore, it was envisioned 

to use rubber-metal mounts already available on the market to decrease the system 

costs [23]. 

  

Figure 3 

Bell-shaped rubber metal spring [24] 
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As desired vibration system natural frequency must be below 8 Hz, the selection 

was made to use the bell-shaped mount (Figure 3) which has a large deflection, as 

it is considered as most suitable rubber-metal mount for isolating the low 

frequency vibrations. Furthermore, it isolates vibration in all three directions, and 

it is suitable for shock suppression due to large deflection capacity. 

The mass of the integrated ODS housing was intentionally increased to 160 kg by 

adding of ballast to increase the spring deflection and system inertia [25].  

The number of mounts was selected as 4 to keep the uniform distribution of load 

across mounts and increase system stability. By usage of Trelleborg selection 

diagrams [24], the mount M50-40 was selected according to load per mount of 40 

kg. The selected mount provides vibrating system natural frequency of 7.5 Hz, 

which is agreement with the requested value < 8 Hz. The resonance region for 

selected mount is between 5.5 and 10.5 Hz which ensures that all the vehicles 

resonant frequencies are outside the vibrating system resonance region. For largest 

vehicle resonant frequency of 27 Hz (Figure 2), the isolation efficiency is 72%. 

 

Figure 4 

Deformed shape of integrated ODS housing for a static structural analysis and its natural frequencies in 

the range 0-100 Hz 

Finally, it is necessary to determine integrated ODS housing natural frequencies to 

ensure that they are not the resonance region, as the ODS housing would be exited 

form moving vehicle vibrations in noted frequency region and resonance would 

occur. The natural frequencies of integrated ODS housing with of all the internal 

components and added ballast were determined by modal analysis (with static 

structural pre-stress analysis) in ANSYS Workbench software. The modal analysis 

was performed for a range between 0 and 100 Hz. The results of the modal 

analysis of a deformed ODS housing are shown in Figure 4. The primary natural 
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frequency is close to 38 Hz which is well within the isolation range (>10.5 Hz) 

For the integrated ODS housing primary natural frequency the isolation efficiency 

of the designed vibration suppression system is 87.5%. 

3 Experimental Determination of ODS Dynamic 

Response 

The evaluation of prototype of the freight onboard ODS, as well as the designed 

passive vibration isolation, was performed during the tests in operational traffic. 

The tests were performed on the railway line between Niš Marshaling Yard and 

station Ristovac, on the pan European ‘corridor X’. A prototype of ODS was 

mounted on Locomotive 444-018, that pulled 21 wagons, with total mass of 1194 t 

and a total train length of 458 m, as shown on Figure 5. The test track length was 

120 km, the average speed was 34 km/h and the test run lasted 3.5 h [22]. On the 

straight rail-tracks sections, between Niš Marshalling Yard and station Grdelica, 

the maximal train speed was 80 km/h. 

  

Figure 5 

Locomotive 444-018 with mounted prototype ODS pulling a train during evaluation tests before 

leaving the Niš Marshalling Yard [22] 

 

Figure 6 

Positioning of IMU’s on the housing mounting plate and inside the ODS housing 

The vibration of the mounting plate and the ODS housing were recorded during 

the evaluation run by two triaxial Inertial Measurement Units (IMU’s) positioned 

on the mounting plate and in the ODS housing as shown in Figure 6.  

vibration isolation 
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The acquisition device captured data from the IMU’s at 75 Hz. The vibrations 

were recorded on a straight line, in curves, during the crossing of the bridges and 

passing over the switches. As the train was following the operational speed 

profile, the vibrations were recorded at multiple train speeds. 

 

Figure 7 

Vibrations of mounting plate (without suppression) and ODS housing (with suppression) on a straight 

part of the track at 80 km/h in vertical, longitudinal and lateral direction 

Figure 7 shows the 10 second interval of measured vibrations on a straight track at 

train speed of 80 km/h. It is evident from the diagrams shown on Figure 7 that the 

designed vibration isolation system significantly reduces the amplitude of 

vibrations in all three directions. As expected, due to largest deflection of the 

rubber - metal spring in the vertical direction, the degree of isolation is largest in 

the vertical direction. The vibration isolation performance in lateral direction is 

somewhat better than in longitudinal direction. This can be explained by lower 

excitation signal frequency in the longitudinal direction, which leads to higher 

transmissibility due to smaller value of ratio of excitation frequency and natural 

frequency of the vibrating system. 
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4 Prediction of Dynamic Response 

Following the experimental acceleration measurements in vertical direction from 

Figure 6 and mass per one mount of 40 kg, the stochastic acting force in vertical 

direction without and with vibration suppression is calculated and presented in 

Figure 8. 

 

Figure 8 

Calculated acting force in vertical direction 

According to the designed vibration suppression used to isolate ODS housing 

from vibrations, the viscoelastic Voigt-Kelvin and Voigt-Maxwell models were 

applied for ODS housing stochastic vibrations analysis. 

First, because of its simplicity, the Voigt-Kelvin model, was employed. This 

model consists of parallel connected spring and dashtop as shown in Figure 9. 

 

Figure 9 

Voigt-Kelvin constitutive model 

In applied Voigt-Kelvin constitutive model, c is spring stiffness, f is damping 

coefficient, m presents the mass of analyzed system (load per ODS housing mount 

of 40 kg) where  ( ) presents relative system acceleration which corresponds 

to measured acceleration data of ODS housing. On the other hand,  is measured 

acceleration of the ODS housing mounting plate. According to dynamics of 
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relative movement, the model from Figure 8 can be described with the following 

equation 

( ) ( ) ( )in

r c f pmx F t F t F t     (1) 

The displacements in spring and dashtop elements are equal, c f rx x x   where 

the acting forces in these elements are 

( )c rF t cx  and  ( )f rF t fx                   (2) 

The expression 
in

pF  presents the inertial force according to acceleration ap 

in

p pF mx                      (3) 

and it correspond to generated force given in Figure 8. 

To obtain the accurate model which can be used to predict the dynamic response, 

it is necessary to determine the most suitable pair of parameters c and f for 

calculation of Voigt-Kelvin model which correspond to the experimental results 

for measured accelerations ( )rx t  and ( )px t . For this purpose, the Monte Carlo 

simulation method is applied. According to equation (1) the appropriate model is 

given in Figure 10. 

 

Figure 10 

Simulation scheme for the system given by relation (1) and (2) 

Following the Monte Carlo simulation method, the model from Figure 10 is 

simulated more 10000 times for various values of c and f, where the starting 

(initial) values of this parameters were recalculated according to obtained elastic 

and viscoelastic parameters in [26]. These parameters are finally estimated for the 

model results which gives the smallest accelerations outputs error compared to 

experimental acceleration values for suppressed system. 
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Figure 11 

Voigt-Kelvin model acceleration output compared to experimental values in vertical direction 

Figure 11 presents comparison of numerically determined acceleration values for 

a Voigt-Kelvin model and experimentally determined ODS housing response. It is 

evident from Figure 11 that Voigt-Kelvin model cannot accurately predict the 

ODS dynamic response. Although the acceleration direction is somewhat 

predicted, the amplitude values over time are largely missed. Because of its 

limitation on only two unknown parameters c and f, the Voigt-Kelvin model 

application is limited to analysis of smaller displacements. 

Therefore, it is necessary to use a more complex constitutive model, such as, 

Voigt model with two Maxwell elements marked with I and II in Figure 12. 

Contrary to Voigt-Kelvin model, this model is more suitable in modelling of 

larger disturbances. 

 

Figure 12 

Voigt-Maxwell model 

This applied Voigt-Maxwell constitutive model is described with following 

dynamic equations: 

( ) ( ) ( )in

r c f pmx F t F t F t     (4) 

where c1, c2 are spring stiffness and f1, f2 are damping coefficient in Maxwell 

elements I and II and: 

 1 2 1 1 2 2( )c rF t c c c x c x c x        and   ( )f rF t fx  (5) 
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The relations between Maxwell elements are given as: 

1 1 1 1 1 0,rf x c x c x            

1 2 2 2 2 0,rf x c x c x    (6) 

where, x1 and x2 are movements between elements I and II respectively. 

According to relations (4) and (6), the simulation scheme of applied Voigt-

Maxwell constitutive model is presented in Figure 13. 

 

Figure 13 

Simulation scheme of Voigt-Maxwell model 

 

Figure 14 

Voigt-Maxwell model acceleration output compared to experimental values in vertical direction 

The spring stiffness (c1, c2) and damping coefficients (f1, f2) are determined by a 

same procedure as for Voigt-Kelvin model using the Monte Carlo simulation 

method. 

Figure 14 presents comparison of numerically determined acceleration values for 

a Voigt-Maxwell constitutive model and experimentally determined ODS housing 

response. It is evident from Figure 14 that Voigt-Maxwell achieves better 

agreement between the numerically and experimentally determined acceleration 

values than Voigt-Kelvin model (Figure 11). There are still differences in 

prediction of acceleration directions and amplitude values, but the numerical and 

experimental determined acceleration amplitude values are somewhat comparable. 
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According to upper and lower limits compared through time and using into 

account error in experimental measurements it can be concluded this model can be 

successfully used for further numerical system analysis and prediction.  

The addition of more parallel, connected Maxwell elements would increase the 

accuracy of prediction of dynamic response, but at expense of increased time for 

determination of constitutive model parameters. 

Conclusions 

As vibrations can distort the images acquired by vision-based sensors, it is 

necessary to isolate the sensors from the source of the vibrations. This paper 

presents the design of a passive vibration isolation system, for a freight train, by 

usage of bell-shaped rubber-metal springs. The design of the vibration isolation 

system was generated, based on measurements of the Serbia KARGO series 444 

locomotive car body on a straight portion of the track at speed of 75 km/h.  

The presented system can isolate vibration with frequencies larger than 10.5 Hz. 

The dynamic response of the ODS housing, as well as, the performance of the 

passive vibration isolation, was determined experimentally by measuring 

vibrations before and after the ODS vibration isolation system with the train in 

operational traffic. Based on experimental data, the designed vibration isolation 

system significantly reduces the amplitude of vibrations in all three directions.  

To predict the dynamic response of the vibration isolated ODS, viscoelastic Voigt-

Kelvin and Voigt-Maxwell constitutive models were applied with real 

experimental data as system excitation. For both constitutive models the model 

parameters were determined by Monte Carlo simulation to achieve smallest error 

between predicted and experimental determined dynamic response.  

The comparison of results show that Voigt-Maxwell achieves better agreement 

between the numerically and experimentally determined acceleration values, over 

the Voigt-Kelvin model. 
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