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Usually, payloads are carried on long routes with different road surface conditions 

and road obstacles by commercial vehicles from factory to destination. These road 

conditions cause trucks and their cargo to be exposed to shock and vibration of 

different amplitudes and frequencies that may impose catastrophic damages to 

delicate sensitive payloads. The aim of this paper is to present a 3-D model of a 

secondary suspension system, including double-ended magnetorheological dampers 

in cargo vehicles to protect sensitive cargo against induced excitations due to various 

road surface roughness. For this purpose, a double-ended magnetorheological 

damper for acquiring the desired minimum load capacity in an off-state situation and 

its maximum capacity when feeding 2Amp electric current was modeled, fabricated, 

and dynamically tested. Functional tests with sinusoidal harmonic inputs at different 

frequencies were performed using a UTM test machine and applying different 

electric currents to the damper. Considering these tests results, the parameters of the 

modified Bouc-Wen model for the damper are identified. Using the updated model 

for the damper, a 3-D model of the secondary suspension system with four 

magnetorheological dampers in the four corners of the cargo holder pallet is 

provided. The impact of the secondary suspension against the loads imposed by three 

types of road surface profiles, namely the road surface with the long harmonic wave, 

the bumpy road surface and the road surface with random roughness, is investigated. 

Furthermore, the effect of various uneven cargo mass arrangements on the magnitude 

of the dynamic loads of the payload is investigated. The results show that with 

increasing electric current at different road profiles, the vertical displacement 

amplitude has an average decrease of 40% in peak and 30% decrease in RMS, and at 

the same time, the isolation region has acceptable characteristics. These results 

indicate the proper performance of the proposed secondary suspension system in 

reducing the dynamic load level in sensitive payloads. 
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1. Introduction 

There are usually long routes for a truck to carry cargo from origin to destination and require 

crossing various roads. These routes include various types of roads such as highways, public 

roads, and even shoal roads with natural tolls such as downhill, uphill, turns, speed bumps, and 

various types of road surface quality conditions that cause trucks and their cargo to be exposed to 

shock and vibration of different amplitudes and frequencies. According to studies, the vibrations 

of freight vehicles are 9 to 16 times higher than those of passenger cars [1]. Also, on a ground 

ambulance, sick or injured patients as vibration-sensitive passengers in acute physical and 

skeletal conditions, brain injuries and heart problems are usually sensitive to even minor shocks 

and vibrations. Therefore, utilizing a proper suspension system plays a key role in isolating the 

vibrations of the vehicle body, occupants, and cargoes sensitive to road surface roughness and 

shocks. Adding to isolating road-induced excitations, isolation of vehicle body from powertrain 

excitations are also important in road vehicles [2].  

In commercial vehicles such as trucks and Lorries, the two most important areas that are 

subjected to sudden high-amplitude shock and roadside vibrations are the driver's cab and the 

cargo deck, which are on the secondary suspension and the primary suspension of the vehicle, 

respectively [3]. Zhao et al. [4] proposed a seat-cab coupled system model and identified its 

parameters using simulation and test. Kim at el. [5] investigated using magnetorheological (MR) 

fluid-based mount for vibration control of a wheel loader cabin. Van Deusen [6] showed that by 

optimizing the truck's suspension, the quality of driving comfort would be greatly improved by 

reducing the stiffness of the suspension system in road surface vibrations. 

Nowadays, reducing road-induced vibrations using semi-active suspension systems have 

increased considerably. The main advantage of this type of suspension system over passive 

suspension systems is its controllability and its need for small power sources and less expensive 

hardware compared to active suspensions [7]. Fischer et al. [8] reported that a semi-active and 

active suspension system could reduce vibration amplitudes by 20 to 30% and more than 30%, 

respectively. Marcu [9] tested a truck with a semi-active magnetorheological suspension system, 

including a controllable shock absorber for the driver's cab. The results showed improved vehicle 

comfort, steering ability, and reduced vibration amplitude. With the aim of reducing the 

transmission of vibrations and shocks of the road to an injured person and improving treatment 

conditions while transporting the patient in an ambulance, Chai et al. [10] proposed a model of a 

rigid plate instead of a stretcher and a medical chair as a secondary suspension with a double-

ended magnetorheological damper.  

Depending on the application, damping capacity, and location of installation, there are three 

primary types of magnetorheological dampers: single-tube, double-tube, and double-ended (two 

movable heads). By varying the type and size of the fluid passage, resizing and location of the 

coils, various models with different damping capacities are usually designed [11-15]. Desai et al. 

[16] developed and studied a twin-tube MR damper based on the damping values of a passive 

damper used in a passenger van. Xu and colleagues [17] designed and tested large-dimensional 

double-ended dampers with five electric coils to investigate the maximum amplitude of the 

damping force and the energy dissipation capacity by varying the number of active coils. The 

results of this study showed the significant effect of increasing the damper energy dissipation 

capacity and damping force by adding active coils and increasing external electrical current. 
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To identify the behavior of a magnetorheological damper and to use it for maximum efficiency 

and control in a semi-active system, there are developed mathematical models called parametric 

and nonparametric models [18]. The prediction accuracy, simplicity of equations, reliability, and 

compatibility are the most important criteria used to select an appropriate model. Dynamic 

parametric models include a set of linear and nonlinear viscous elements and linear and nonlinear 

springs. The parameters of the updated damper model are used to predict and control the 

behavior of vibrating systems consisting of several magnetorheological dampers in different 

operating conditions. To this end, constant and variable parameters with electric current intensity 

for these models are identified at each excitation frequency by comparing the dynamic responses 

of the mathematical model and the experimental counterpart using appropriate optimization 

techniques and algorithms [11, 19-21]. Spencer et al. [22] attempted to develop a new dynamic 

parametric model to estimate the inherent nonlinear intrinsic behavior of the damper. By 

improving the Bouc-Wen model by adding a mechanical element and a nonlinear viscous 

element, they presented the modified Bouc-Wen model. This model had high accuracy in 

reducing the error between experimental data and simulation on the load-speed hysteresis loops 

graph, specially in low-speed regions.  

To ensure the permissible level of vibration amplitude and shock to sensitive cargoes, 

precautions should be taken to prevent high acceleration or displacement of sensitive cargoes. 

Different techniques can be chosen in this regard. One solution could use either an active or 

semi-active suspension system in the vehicle's primary suspension or to use a secondary 

suspension system on the cargo floor with controllable suspension elements. The other solution 

could be using appropriate packaging for the payload with enough shock and vibration isolation 

capability for the package that can increase the overall price of the payload. 

Usually, the load arrangement is not uniform across the freight segment and varies depending on 

the type of load or loading and unloading along the route.  

According to the literature, even though there are intensive published works to protect the cabin 

and crew of trucks using secondary suspension systems [9, 23-25], however, using this idea for 

protecting the sensitive payload has not been reported yet and also a limited number of works 

can be found in the literature  main objective of this paper is to investigate the concept of using a 

secondary suspension system, including magnetorheological dampers in cargo vehicles to reduce  

the transmitted loads to sensitive cargo against induced excitations due to various road surface 

roughness 

In this paper, to reduce the vibration amplitude of the sensitive cargo in a truck, first, a suitable 

double-ended magnetorheological damper is designed based on the calculation of fluid pressure 

drops inside the damper ducts in the presence of a magnetic field to provide minimum and 

maximum desired force capacities. Then, dynamic tests are conducted with harmonic inputs on 

the fabricated prototype damper. By applying the dynamic test results and estimating the 

parameters of the modified Bouc-Wen model, the electric current dependent parameters are 

defined as polynomial and exponential functions through curve fitting. Then, the 3D vibrational 

model of the truck, including a secondary magnetorheological suspension system, with an 

irregular layout of the sensitive payload, is developed. Finally, in order to investigate the effect 

of the change in the mass of the sensitive cargo on the vibrational amplitude of the cargo as well 

as the effect of the change of feeding electric current to the magnetorheological damper on the 
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performance of the secondary suspension system while considering different road surface 

irregularities, the derived equations are solved and obtained results discussed. 

2. Designing, Fabricating, and testing a double-ended MR damper 

A schematic diagram of the circular duct double-ended magnetorheological damper designed in 

this study is presented in Fig.1. The damper is divided by the piston into two parts, the upper and 

lower chambers, which are filled with magnetorheological fluid and fluid moves between the two 

chambers in each movement cycle of the magnetorheological damper. As the fluid passes 

through the circular duct at a distance    from the cylinder, the variable external magnetic field 

affects the fluid and disperses the dispersed particles of the iron powder in magnetorheological 

fluid based on the direction of the magnetic field in a chain arrangement. At this point, the fluid 

undergoes shear strain and changes from a Newtonian fluid to a non-Newtonian fluid. This 

process is amplified by increasing the magnetic field intensity and changing the viscosity of the 

fluid and returning to its original state by disconnecting the electric current from the fluid. Force 

capacity of this type of damper depends on the damper dimensions, characteristics of carrier 

fluid, magnetic behavior of  iron particles, the type of metal used in the piston and cylinder, the 

number of coils, and their diameter [26]. 

 

Fig 1: Schematics of double-ended MR damper with three electric coils 

Since the distance between the cylinder and the piston is very small compared to the active 

length between the two coils, in the equations of force, the cylinder and piston can be considered 

as two parallel plates to each other with the fluid flow passing through them. The damping force 

is calculated from pressure drops within the duct. This force is written as the sum of the semi-

active magnetorheological force that is a function of shear stress of the magnetorheological fluid 

and the passive force of the carrier fluid viscosity [27]: 

   (      )   (  ) 
(1) 

where,     for the three electric coils is produced by shear stress that is obtained according to 

Equations (2) and (3): 

            
(2) 

     
        

 
 (3) 
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In these equations,     is the damping force due to the magnetic field when feeding the coils 

with electric current,    is the Off-state viscous force,   is the number of electric coils and     
 

for shear stress and is a function of the magnetic field intensity. 

A quadratic polynomial is used to describe the relationship between yield stress and magnetic 

introduction [28]. 

         
         

(4) 

The initial values for coefficients of Eqn. 4 is considered as follows: 

α1=1.43×10
-6

, α2=4.74×10
-4   

and α3= -1 

These coefficients will be tuned after dynamic tests of the investigated damper. Based on 

Kirchhoff’s laws, the magnetic induction, B, can be calculated as follows: 

∮       
    

 
       (5) 

  
   

   
 (6) 

where   is the magnetic permeability of the MR fluid, I is the input current to be applied to the 

MR damper; N is the number of turns of the coil and h is the width of the damping path. 

The passive force of the damper is a combination of pressure drop along the channel,    , 

pressure drop caused by a partial fluid loss in the channel,     , pressure drop during fluid 

passage through coil due to micro losses,        ,the pressure drop due to magnetorheological 

fluid at entry and exit and    . These pressure drops are defined as follows [27, 29, 30]: 

    
 

 
  

    

  
 (7) 

     
 

 
  

 (       ) (8) 

       
 

 
  

     

   

 (9) 

       
 (            ) 

(10) 

in which   is the density of the magnetorheological fluid,   is the Darcy friction coefficient 

inside the MR fluid passage,    Darcy friction factor inside the coil gap and    and    are the 

average velocities of fluid passing through the passage, and the distance between the coil and the 

magnetorheological damper cylinde, 

   
    

  
 

    

     
                    ;     

    

  
 (11) 

where    ,    and    are the areas of the piston, MR valve cross-section and coil gap cross-

section, respectively; and    is the velocity of the piston. 

Experimental coefficients                          represent the experimental coefficient of 

sudden expansion, the experimental coefficient of sudden contraction, the experimental 

coefficient of impact of the fluid inlet, and the experimental coefficient of impact of the fluid 

outflow, respectively, which are defined according to the following equations [27, 30]. 
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           (  
  

  

)
 

                                (  
  

  

) (12) 

Finally, the passive viscose force of the magnetorheological damper for the 3 electrical coils is 

written as Eqn. 13: 

     [ (               )     ] (13) 

 

Appropriate material for actuation interfaces (piston and cylinder) in this kind of dampers must 

owe two main characteristics, namely having good wear resistance and being ferromagnetic. 

When a ferromagnetic material is selected for the actuation interfaces , with increasing the 

attractive magnetic force between the particle chains in the magnetorheological fluid and the 

interfaces, the yield stress value is increased [31]. Since CK45 electroplated steel has good wear 

resistance and is a ferromagnetic material, therefore it is selected for the piston and cylinder in 

this research. The geometrical characteristics of the damper are extracted and determined based 

on desired damping force of the magnetorheological damper for the minimum value (      at 

zero    ) and the maximum value (      at the maximum tolerable electric current of 2 

   ).  

To solve the Eqn. (13) and find, the hysteresis behavior of the MR damper, at first a sinusoidal 

displacement excitation with specific maximum displacement amplitude and frequency for the 

piston rod is considered. Then, by differentiating this assumed displacement-time signal, the 

corresponding velocity-time signal for the piston rod is attained. Consequently, using this 

velocity-time signal in Eqn. (13), the force-time signal for the damper is achieved. Finally, using 

these signals in each time step for a given time duration (for a specific number of oscillations), 

the force- velocity and force-displacement hysteresis loops for the damper are plotted.  

The geometrical dimensions of the desired prototype for the damper that can produce the above-

mentioned target damping forces based on the above-described simulation procedure are 

presented in Table 1. The obtained hysteresis curves from the simulation of (13) with harmonic 

displacement inputs with an oscillation frequency of 1 Hz and amplitude of ±15 mm at different 

electric current intensities are presented in Fig. (2a-2c). According to Fig 2-b, the force-velocity 

mostly has a linear trend and, in low velocities, shows hysteresis behavior that is in agreement 

with the results provided for this kind of damper in the literature [10, 14]. 

https://www.sciencedirect.com/topics/materials-science/interface-material
https://www.sciencedirect.com/topics/materials-science/interface-material


S.S. Samadani Agdam et al. / Journal of Theoretical and Applied Vibration and Acoustics 6(2) 388-409 (2020) 

394 

 

 

Fig 2: Predicted damping force of the MR Damper using nonlinear equations of active and passive force: (a) 

Damping force versus displacement (b) Damping force versus velocity (c) Damping force versus time. 

 

Table 1: Geometrical characteristics of the double-ended Magnetorheological damper 

Parameter size 

Inner diameter of hydraulic cylinder (   )      

MR circular valve thickness ( )     

Number of electromagnetic coils ( ) 3 

piston diameter (  )      

Coil length of a single stage (  )      

Copper wire diameter for winding coils       

 

For providing a magnetorheological fluid for the damper, according to studies in this field [26, 

32-34], spherical carbonyl iron powder with a diameter of      and density of     
 

    and 

purity of      were used for the dispersed phase of the magnetorheological fluid with a volume 

percentage of    . Also, in the continuous phase, H-68 hydraulic oil base fluid with a viscosity 

of       at     and      at     , with    volumetric percentage, with lithium-based high-

pressure refractory grease additive, with    percentage volume was used to increase stability 

and prevent the formation of iron masses. The main advantage of the used particles in this study 

is that since it is used vastly in metallurgy powder industry and consequently has considerably 

low price and are more available compared to the smaller in diameter and more expensive 
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particles reported in the literature. On the other hand, the results of sedimentary tests show that 

its sedimentation rate is acceptable (Fig. 3) for using in dampers that are usually in movement in 

dynamic systems such as automotive shock and vibration isolators. 

 

 

Fig 3: Magnetorheological fluid sedimentation graph, in the range of 250 hours at room temperature 

The laboratory test suite shown in Fig. 4 includes a Zweik Roell Amsler HA 250 Dynamic 

Hydraulic Testing Machine equipped with a load cell, displacement measurement sensor, 

hydraulic control unit, Workshop96 software for recording data and a controllable electric 

current supplier. The sinusoidal harmonic excitation is applied to the damper. The maximum 

damper stroke in all tests is      , the excitation frequencies are       ,      . The electric 

currents applied to the damper at each frequency of excitation are 0, 0.5, 1, 1.5 and 2 Amps. 

As a sample from the conducted tests, Fig. 5 shows the experimental results of the 

magnetorheological damper test at 0.5 Hz excitation frequency and different electric currents. 

Table 2 shows the ratio of the maximum damping force amplitude of the magnetorheological 

damper in different electrical currents to the maximum damping force amplitude at the off-state 

situation (zero-ampere electrical current). This ratio, hereinafter, is called the dynamic range. 

The results show that with increasing electric current, the dynamic range increases considerably, 

which confirms the acceptable performance of the manufactured prototype of the MR damper. 

Also, from Fig. 5b it can be concluded that the maximum generated damping forces by the 

manufactured prototype damper are in agreement with theoretically predicted counterparts. 
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Fig 4: Experimental setup for testing MR Damper 

  

Fig5: Experimental characteristics of the investigated MR Damper in frequency 0.5Hz for MRF40µm: (a) Force-

time and (b) Maximum damping force comparison between theory and experiment 

 

 

double-ended 

Magnetorheological 

damper 

Hydraulic 

fixed clamp 

Load cell 

controllable electric 

current supplier 
movable 

hydraulic 

clamp 
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Table 2: The dynamic range of the magnetorheological damper in different electrical currents 

Electric current intensity (Amps) Dynamic Range 

0.5       

1       

1.5 1.802 

2       

 

3. Secondary suspension system including MR damper 

The model presented in Fig. 6 is designed to provide a secure secondary magnetorheological 

suspension system for carrying a sensitive cargo by truck. In this model, on the chassis of the 

truck's primary suspension is a rigid rectangular plate as representative of a sensitive load pallet 

with the dimensions listed in Table 3. At the four corners of this rigid plate are 

magnetorheological dampers identical to the constructed and tested sample in section 2, parallel 

with linear coil springs. 

In modeling, it is assumed that the sensitive cargo will be at the center of mass of this system (for 

balanced mass distribution, see section 4), such that the mass center displacements of the 

designed suspension system are the same as the displacements of the sensitive cargoes. The 

geometrical distances of this plate relative to the center of mass are shown by the longitudinal 

geometric parameters    ,    and transverse parameters    and   . 

Since the chassis center of mass of the primary suspension system and the secondary suspension 

system are not concentric, the geometric parameters   ,   ,    and    are used to indicate the 

longitudinal and transverse distances of the pallet to the center of mass of the vehicle. In the 

model presented for the truck, the    and    excitation from the right and left sides of the vehicle 

are inserted from the road surface into four tires modeled with springs    ,    ,    ,    , and 

masses    ,    ,     ,   . 

The stiffness of the springs of the truck's primary suspension system along the vertical direction 

is obtained based on the amount of static displacement assumption that was chosen in the present 

study as the vertical displacement value of       [35]. Then, the stiffnesses of the springs were 

determined based on the mass distribution and, consequently the gravitational force distribution 

on each part. The specifications of the considered sprung and unsprung masses for the sensitive 

cargo and the truck, springs stiffnesses and model dimensions are presented in Table 3. The 

values provided for different parameters in this table have been adapted from general 

specifications of a sample commercial light truck from the market [36], considering some of the 

parameters provided in the ref [35] and assuming an uneven mass distribution for the sensitive 

payload.  
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(a) 

 
(b) 

 

Fig6: (a) Schematic of a secondary suspension system with a magnetic magnetorheological damper in the sample 

truck whole model, (b) Modified Bouc-Wen (Spencer) parametric model for MR damper 

Table 3: Geometric properties of the considered truck model 

Value Symbol Parameters Value Symbols Parameters 

1800kg     Sprung mass 

Primary 

suspension 

 

321 (kg)     Chassis mass 

of secondary 

suspension 

system 

225kg                 Unsprung mass 

Primary 

suspension 

 

75000  (
 

 
)                 Tire stiffness 

700kg    Sprung mass 

Secondary 

suspension 

 

25000  (
 

 
)             Main 

suspension 

stiffness 

400kg    Sprung mass 

Secondary 

suspension 

 

25000 ( 
 

 
)             Secondary 

suspension 

stiffness 

1200kg    Sprung mass 

Secondary 

suspension 

 

2.28  (m)       Distance  of 

suspension 

from C.M 

0.76m    Distance of 

suspension from 

C.M 

 

1.52  (m)          Distance of 

suspension 

from C.M 

0.82m        Distance of 

suspension from 

0.61  (m)       Distance of 

suspension 
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C.M 

 

from C.M 

0.91m    Distance of 

suspension from 

C.M 

 

0.3  (m)    Distance of 

suspension 

from C.M 

   1224.745 

( 
   

 
 ) 

            Damping 

coefficient 

 

The model proposed for the truck, including the secondary magnetorheological suspension 

system, has a total of 10 degrees of freedom. The equations of motion of the whole system are 

made up of three interconnected parts, the first part (A) of tires and the axles with four degrees of 

freedom, the second part (B) of the main chassis over the primary suspension system with three 

degrees of freedom, and the third part (C) of a rigid rectangular plate as the chassis of the 

sensitive cargo pallet with irregular cargoes overlayed on the secondary suspension system with 

three degrees of freedom. The equations of motion of this model, based on the above 

classification by Newton's second law, are written as follows. 

A: 

    ̈              ̇                   
(14) 

    ̈              ̇                
(15) 

    ̈              ̇                 
(16) 

    ̈              ̇               
(17) 

 

B: 

    ̈       ̇            ̇            ̇            ̇                          

                           
(18) 

    
 ̈      (   ̇        )    (   ̇        )    (   ̇        )    (   ̇        )  

  (     )    (     )    (        (     )                      )          
(19) 

    
 ̈     (   ̇        )    (   ̇        )    (   ̇        )    (   ̇        )  

  (     ))    (     )    (     ))    (     ))                      )          
(20) 

C: 

(            ) ̈                                                   
(21) 

    
 ̈                                                                

(22) 

    
 ̈                                                                

(23) 

where relations for         and          are presented The Appendix. 
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Here, the relation of the magnetorheological damper’s damping force is derived based on 

Modified Bouc-Wen(Spencer) parametric model, which has high accuracy in estimating the 

experimental hysteresis curves. Since the damper is positioned between two rigid plates with 

vertical and rotational motions, so the Spencer model equations for one of the dampers will be as 

follows: 

         ( ̇    ( ̇      ̇      ̇  ))      (         
) (24) 

 

The complementary variable  ̇   in equation 24 is written as follows: 

 ̇    
 

         

(   ̇         ̇  )       ( ̇         ̇      ̇  )    (        ) (25) 

         

The variable z in the above equation, which is used in expressing the hysteresis behavior of the 

Spencer model, is obtained by solving the following equation: 

 ̇      | ̇     ̇  |    |    |
     | ̇     ̇  ||    |

   | ̇     ̇  | (26) 

In order to investigate the impact of road profile type on the level of vibrations and shocks 

inflicted on sensitive cargo; this study considers three types of road profiles that are: sinusoidal 

harmonic road profiles, speed bump profiles and random profiles according to ISO8608 standard. 

The function of the sinusoidal harmonic profile considered as the input of the models in this 

research is as the relation of (27). 

 ( )   (   ( (  
    

 
))) 

(27) 

In the above relation, the frequency of the road profile is defined as   
   

 
 ,   is the amplitude 

of the sine wave,   is the length of sine wave or wavelength and   is the vehicle speed. 

The speed bump profile function in this study, is as equation (28). The time delay between the 

front and rear wheels in Equation (28), which is the ratio of the distance between the two axles of 

the truck to its speed, is deducted from the total time. 

 ( )           ( (    ))                        
  

 
                                                             (28) 

In designing an artificial road according to ISO standard, the road is considered as a harmonic 

function with white Gaussian noise, which by choosing the coefficient of the roughness of the 

road, ultimately governs the profile of random road irregularities based on classifications of 

ISO8608 is written as follows [37]: 

 ( )  ∑√        (
  

    
)    (         )

 

   

 
(29) 

Equation 29 is a function of the displacement of  , but is written as a function of time to simulate 

and apply it as a random road entry, for example, assuming a constant speed of   
 

 
 (  

  

 
). 

Assuming that the length of the simulated artificial road   is 125m, then the simulated duration 
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must be     to reach the assumed speed. Accordingly,    
 

 
 and     is the sampling interval. 

The constant parameter   is defined by dividing the road profiles by integers from 3 to 9 for 

profiles A to H. 

4. Results and discussions 

4.1. Performance of the secondary suspension system under various road conditions 

In this section, three types of road roughness are considered to evaluate the performance of the 

secondary suspension system containing double-ended magnetorheological dampers under 

different road roughness conditions. These selected road surface obstacles for further 

investigations are the most frequently experienced road roughness by commercial vehicles in 

carrying payloads through different roads: a) Smooth Road with a speed bump, b) Road with 

uniform harmonic wave roughness and c) Road with random surface roughness 

4.1.1. smooth road with a speed bump   

The intended speed bump is a sinusoidal half-wave obstacle with a height of 0.15m and a width 

of 1.2m which is assumed the vehicle hit it at a very low speed of    
 

 
 (approximately  

  

 
). 

Figs.7a and 7b show, respectively, the time and frequency responses in the vertical direction of 

the secondary magnetorheological suspension system at the payload center of mass with a total 

cargo mass of       . As can be seen in facing to speed bumps, as the electric current 

increases, the damping capacity of the damper increases, resulting in a large decrease in the 

vertical displacement amplitude. The vertical displacement has decreased from       (in the 

zero     electric current) to        (in         electric current), equivalent to     reduction 

in the displacement amplitude.  

Figs. 7c – 7d show the time and frequency response of the secondary magnetorheological 

suspension system in relation to the pitch and roll angular displacements, respectively. As can be 

seen in Figs. 7c and 7d, the angular displacement amplitude of the pitch in the zero     electric 

current is changed relative to        electric current and decreases by          at the peak of 

the curve, but after passing the system from the peak point, the results show that over the time, a 

current of     amperes is more effective in reducing amplitude than other electric currents.  

 

4.1.2. Road with uniform wave roughness (harmonic roughness)  

The road with uniform wave roughness in this study has a wavelength of    and a peak height 

of      and the vehicle is traveling at a relatively slow speed of   
  

 
 ( 

 

 
). Fig. 8 shows the 

time and frequency response of the secondary magnetorheological suspension system at the 

vertical, pitch, and roll displacements in the center point of the payload with a total cargo mass 

of       . As can be seen from this figure, by applying harmonic inputs in the truck model, the 

effect of increasing the electric current on the vertical, pitch and roll displacement are quite 

different, so that as seen from Figs. 8a and 8b, with increasing electric current from       to 

      , vertical displacement amplitude at peak point decreases by        and as the electric 

current increases, the vertical displacement amplitude decreases further. Also, by increasing the 
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electric current from       to        the RMS of vertical displacement amplitude also results 

in a decrease of       (   ). 

 

 

Fig 7: Time and frequency responses: (a), (b) Vertical displacement (c), (d) Pitch angle of center mass of payload 

with 2300kg mass for speed-bump profile 

 

But according to Figs. 8c, 8d and Figs. 8e, 8f, which respectively show the pitch and roll angular 

responses for the harmonic input, their amplitudes, however, are different from the vertical 

displacement amplitudes. Comparing the peak points, the amplitude is increased           

when the applied electric current is         comparing to the off-state (     ) situation. The 

reason for this can be attributed to the same forces applied by the dampers to the four corners of 

the rigid plate overlaying on top of the secondary suspension system and the irregular mass 

layout, which both by increasing the electric current, amplify the pitch angle and roll angles. 

4.1.3. Road with random surface roughness 

Road surface with random roughness (k=7) according to ISO8608 standard is considered here 

and it is assumed that the vehicle is driven at a constant speed of 45km/h (12m/s). As can be seen 

in Fig. 9, the vertical and angular pitch amplitude decreases with increasing electric current like 

the results of the harmonic and speed bump inputs. So, the RMS value of the vertical 

displacement amplitude is reduced to 0.012m by changing the current from zero     to 

1.6   . The RMS of the pitch angle of the center of mass of the secondary suspension is also 

reduced           equal to 59%, as expected, by a change of electric current from zero     to 

1.6   . But the roll angle displacement of the secondary suspension model increases with the 

increase in electric current from zero     to 1.6   , which was also observed in the harmonic 

inputs, as well as the reasons for this. 
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Fig 8: Time and frequency responses: (a), (b) Vertical displacement, (c), (d) Pitch Angle, (e), (f) Roll angle of center 

mass of payload with 2300kg mass for harmonic road roughness profile 

 

 

Fig 9: Time response of: (a) Vertical displacement, (b) pitch angle, and (c) roll angle for random profiles with 

coefficient k=7 

In a general overview, from the simulation results of the proposed model, for the truck 

containing a secondary suspension system magnetorheological damper, on different road 

profiles, according to the results of Table 4, it is observed that, as the electric current increases, 

the amplitude of vertical displacement and pitch angle decrease, and the amplitude of the roll 

angle increases. For example, the vertical displacement amplitude, by changing the electric 

current from zero     to 1.6    , decreases in the peak point for profiles, speed bump 43%, 

sinusoidal harmonic 49%, and in the RMS value, for bump profiles 33 %, Sinusoidal harmonic% 

59%, and random 10% decrease.  

Table 4: Numerical results of simulation of secondary suspension mass center response in different electric currents 

and road profiles 
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RMS value Peak value Current(A) Profile road 

   (   )    (   )    ( )    (   )    (   )    ( )  

Harmonic 
0.01 0.055 0.056 0.028 0.112 0.107 0 

0.16 0.06 0.046 0.042 0.103 0.07 0.5 

0.036 0.078 0.023 0.085 0.128 0.054 1.6 

0.016 0.018 0.058 0.034 0.029 0.16 0 

Speed 

Bump 
0.027 0.014 0.052 0..051 0.027 0.123 0.5 

0.064 0.012 0.043 0.121 0.016 0.091 1.6 

0.039 0.0004 0.12 - - - 0 

Random 0.055 0.0003 0.114 - - - 0.5 

0.08 0.0002 0.108 - - - 1.6 

 

4.2. Effect of irregular mass distribution of cargo on the secondary suspension system 

performance 

The distribution of cargo in freight vehicles usually varies depending on the type of cargo. 

Therefore, this section examines the ability of the secondary magnetorheological suspension 

system to reduce the range of displacements caused by various road roughness at the center of 

mass of the sensitive cargo in different symmetrical and unsymmetrical distribution conditions of 

the sensitive cargo. To evaluate the performance of the secondary suspension system in this case, 

the different arrangements of the sensitive cargo according to Fig. 6a by using a 1200kg mass, 

m5, at the center of the secondary suspension plate (co-centered with the secondary suspension 

chassis) and a mass of 400kg, m3, at the pallet front on the co-driver's side and the 700kg mass, 

m4, on the driver's side at the rear of the pallet are created in three different mass distributions as 

below. These total cargo mass plus the mass of the pallet chassis (see Table 3) is 2621kg which 

is approximately in the middle range of the target payload mass(2000-3500kg) considered in 

designing four MR dampers for the secondary system. 

A. All masses are equal to 2300kg together on the loaded pallet of the vehicle, so the layout 

has an uneven mass distribution over the longitudinal and transverse axis of the cargo and 

the truck.  

B. By removing the 700kg mass from configuration A, it creates a more unbalanced mass 

distribution mode about the longitudinal and transverse axes of the sensitive cargo, with 

the total mass of the sensitive cargo equal to 1600kg.  

C. By removing the 400kg and 700kg masses from configuration A, the balanced load 

distribution of the sensitive cargo will be equal to 1200kg.  

All simulations are performed with a constant electric current of 0.6     which is applied to all 

dampers simultaneously. The achieved results are summarized in Table 5. As a sample, the 

results of the simulation of the effect of the harmonic input were obtained using the three 

deferent mass distributions in directions of vertical and pith degrees of freedom of the center of 

mass of the secondary suspension system, which are presented in Fig. 10. Investigating the 
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results of different balanced and unbalanced mass distributions of sensitive cargo on the 

secondary magnetorheological suspension in different road profiles, the amplitude of the vertical 

displacement and pitch angle of the center of mass of the freight over the secondary suspension 

system changes as follows: 

1. The vertical displacement amplitude in all three road profiles decreases with a 

decrease in the mass of the cargo over the secondary suspension system, with the 

peak point decreasing by 5% for speedbump input and 22% for the harmonic 

wave road surface. The RMS value of the vertical displacement curve also 

decreases by reducing the cargo mass from 2300 kg to 1200 kg at the speed bump 

input 12%, harmonic input 15.6% and the random input of 8%. 

2. The RMS values of pitch angles in harmonic and speed bump road profiles by 

reducing cargo mass from 2300kg to 1600kg are associated with a 70% decrease 

meanwhile, by reducing cargo from 1600kg to 1200kg, this does not change 

much. 

 

4.3. Transmissibility performance of the investigated secondary suspension system  

In this section, we investigate the effect of MR dampers on transmissibility characteristics of the 

secondary suspension system, i.e., TR (ratio of the vertical displacement amplitude of the center 

of mass of the secondary suspension to the speedbump amplitude) at 0, 0.6, and 1.6     

simulated electric currents. Fig. 11 shows the TR graph of the center of mass displacement in the 

vertical direction of the secondary suspension system with magnetorheological dampers at 

different electric currents. As can be seen, with increasing electric current, the peak values of TR 

in the amplification region are decreased considerably, which is in agreement with the results 

obtained from the vertical displacement amplitude curves at the harmonic and speedbump inputs. 

According to the MR damper’s TR curves, it is observed that as the electric current intensity 

increases, the secondary suspension isolation quality still is comparable to the off-state situation. 

Finally, it can be concluded that the secondary magnetorheological suspension system was 

successful in considerably reducing the peak amplitude of induced motions and at the same time 

providing good isolation characteristics. 

 

 

Fig 10: Time and frequency responses of payload’s center of mass with a harmonic profile in 0.6     respectively: 

(a) and (b), Vertical displacement, (c) and (d), Pitch angular displacement 
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Fig 11: Transmissibility graphs and isolation regions of the vertical displacement of center of mass of the secondary 

suspension system with magnetorheological dampers at different electric currents 

 

 

 

Table 5: Numerical results of the simulation of the response of the secondary magnetorheological suspension center 

of mass at different cargo masses and road profiles 

RMS value Peak value Sprung 

mass(Kg) 
Profile road 

    (   )    ( )     (   )    ( )  

Harmonic 
 0.068 0.032  0.011 0.059 2300 

 0.025 0.03  0.044 0.056 1600 

 0.025 0.027  0.044 0.046 1200 

 0.034 0.055  0.033 0.125 2300 

Speed 

Bump 
 0.025 0.051  0.075 0.125 1600 

 0.025 0.048  0.075 0.119 1200 

 0.002 0.119  - - 2300 

Random  0.006 0.114  - - 1600 

 0.009 0109  - - 1200 
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5. Conclusion 

In this study, a double-ended magnetorheological damper was modeled and prototyped for use in 

the secondary cargo suspension system and evaluated by dynamic tests on a UTM test machine. 

Dynamic test results of the damper indicate that this damper is suitable to produce enough 

dissipative force for use in secondary suspension systems in light trucks to protect sensitive 

cargoes. Using the results of UTM test, the parameters of the Modified Bouc-Wen parametric 

model for the magnetorheological damper were identified and applied to update the model of the 

considered secondary suspension system. 

Using the updated model of truck containing secondary magnetorheological suspension system, 

the effects of irregular arrangement of cargoes and different electrical currents on the secondary 

suspension were analyzed, while different road profiles the considered in simulations. The 

vertical displacement amplitude of the center of mass of cargo laying over the secondary 

magnetorheological suspension in all considered road profiles i.e., harmonic wave, random, and 

speedbump has been reduced by an average of 40% at Peak point and a 30% decrease in RMS 

value by increasing the electric current of the magnetorheological damper from 0-1.6   . By 

decreasing the mass of the cargo arranged irregularly, the vertical displacement amplitude of the 

center of mass of the secondary magnetorheological suspension model is reduced in all three 

road profiles so that the peak point in the speedbump inputs 5% and the harmonics 22% is 

reduced. The RMS value of the vertical displacement curve also decreased by reducing the cargo 

mass from 2300 kg to 1200 kg, 12% at speedbump input,15.6% at harmonic wave input, and 8% 

at random input, which means that the magnetorheological damper performance is good at 

reducing vibrations in the vertical direction. 

Based on the achieved results, it can be concluded that the introduced secondary 

magnetorheological suspension system for sensitive cargo under various conditions of road 

roughness for uneven distribution of sensitive cargo mass was able to reduce the vertical 

displacement and, in most cases, the pitch angle amplitudes and provided acceptable isolation 

region behavior. Making a laboratory-scale sensitive payload prototype pallet using the MR 

dampers similar to the prototype designed and fabricated in this study, installing it on a light 

truck and doing road tests with standard road obstacles such as speed bumps is the next step to 

complete this work. Furthermore, developing an appropriate controlling strategy based on online 

recognition of the road surface obstacles in front of the moving truck will be the other necessary 

aim of the future research. 
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conflict of interest. 

 

Appendix 

The relations for         and          that were used in equations (14)-(23) are presented as 

following: 

 

    (  ̇    ̇      ̇      ̇  ) 
(30) 
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