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Highlights 
 A new MRF damper with outer-coils and testing system was designed. The MRF has good mechanical properties 

when the damping gap is 1.5mm. The smoothing damping force is only 1.0-4.0N, and it is the linear function with the 

current. The damping force versus velocity curve has obvious hysteresis characteristic, and an improved nonlinear 

dynamic model is proposed. The electromechanical characteristics of the MRF damper can be simulated by Simulink, 

which provides an analysis platform for applications. 
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 Electromechanical characteristics and numerical simulation of a new smaller magnetorheological 

fluid damper 

Junhui Li, Zhihui Liu, Zhan Liu, Liutian Huang, Can Zhou*, Xiaohe Liu*, and Wenhui Zhu* 

State Key Laboratory of High Performance Complex Manufacturing and School of Mechanical and Electrical Engineering, 

Central South University, Changsha 410083, China 

*Corresponding author:Can Zhou(zhoucan@csu.edu.cn), Xiaohe Liu(liuxh@@csu.edu.cn) and Wenhui 

Zhu(zhuwenhui@csu.edu.cn) 

Abstract—In order to develop a smaller magnetorheological fluid (MRF) damper and its corresponding analysis 

software, a new MRF damper with outer-coils and testing system was designed. The testing results show that the 

MRF has good mechanical properties when the damping gap is 1.5mm. The smoothing damping force is only 

1.0-4.0N by adjusting the coil current from 0A to 2A, and it is linearly related to current through data fitting. The 

damping force versus velocity curve has obvious hysteresis characteristic, and an improved nonlinear dynamic 

model is proposed. Based on the model and linear function, electromechanical characteristics of the MRF damper 

can be simulated by Simulink, which provides an analysis platform for applications of the damper. 

Index Terms—Smaller MRF damper; electromechanical simulink; damping gap; electromechanical 

characteristics. 

 

I. INTRODUCTION 

With the emergence of new intelligent materials and 

the wide use of semi-active control technology, 

magnetorheological technology attracts more and more 

attention of researchers.  Magnetorheological fluid 

(MRF) is mainly composed of soft magnetic particles, 

mother liquor and additives to prevent the settling of 

the mixture of particles [1-4]. Under the condition of 

magnetic field, the MRF can transform from 

free-flowing liquid to highly viscosity, low-flow 

Bingham fluid in millisecond time, and the change is 

continuous and reversible, the yield strength is 

controllable [5-8]. It is the intelligence and stability, 

making the MRF has received extensive attention in the 

field of science and technology in recent years, which 

to a certain extent promoted the development of the 

semi-active control [9-12]. 

Among all the application of using 

magnetorheological technology, the MRF damper 

based on magnetorheological effect is a semi-active 

control device with good performance. It has the 

advantages of simple structure, fast response, large 

dynamic range, good durability and strong reliability 

[13-15]. In reality, MRF dampers are mostly used in 

heavy machinery, construction, medical, and bridge 

cables nowadays [16].For example, the United States 

Lord Corporation developed a full-scale MRF damper 

whose output of damping force up to 180kN [17], even 

the smaller MRF damper such as MR101097, its 

minimum output of damping force also reached 100N 

[18]. It is not suitable for some applications where the 

force needed less than 100N, not to mention of meeting 

the soft landing force of less than 10N required for flip 

chip bonding of microelectronics packaging [19-24]. 

So, the smaller damping system needs to be developed 

and the appropriate analysis software needs to be 

researched for practical application. 

Therefore, this study was undertaken to design a 

smaller MRF damper to obtain the output of damping 

force of less than 4N. The electromechanical property 

of MRF damper was tested by the test equipment. 
Based on the experimental data, the general equation of 

the output damping force was deduced, and the model 

was simulated by Simulink. 
Design and experiment 

1) Structure Design of the micro MRF damper 

According to the different motion modes of the MRF 

in damper, MRF damper is generally divided into four 

types: shear type, valve type, shear valve type and 

squeeze valve type [25-27]. Because the shear valve 

type possesses both the advantages of shear type and 

valve type, its output adjustable damping force has a 

large range, and the design of magnetic circuit is 

simple. Therefor, the design of MRF damper adopted 

shear valve type. 
For the miniature damper system, the general inner 

winding mode cannot be manufactured and assembled, 

therefore, a novel outer winding type was used in this 

miniature damper system. 
The damping force of the MRF damper consists of 

two parts: on the one hand, the piston squeezes the 

MRF on one side of the cylinder to increase the 

pressure, and the pressure difference is generated in the 

cavity of the damper, the difference made the MRF 

flow through the gap of the cylinder piston to the other 
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side, resulting in extrusion pressure Fv, on the other 

hand, the relative motion of the cylinder and the piston 

drags the MRF from one side to another side, a shear 

force Fs is generated. Therefore, the damping force of 

the shear valve type MRF dam-per is the sum of the 

above two parts, namely: 

                                (1)      

According to the Bingham model, the shearing force 

and extrusion force are calculated as follows: 

   
      

        
    

 
                        (2) 

   
    

 
                             (3) 

     
     (     )  

       
   (     )

  
         (4) 

Where η is the equivalent viscosity, AP is the 

effective area of the piston, h is the damping gap, ν is 

the rate, and τy is the shear yield strength. D is the piston 

diameter, L is the effective length of the piston, and the 

sign function sgn (ν) is to consider the reciprocating 

motion of the piston. According to the above formula, 

the main parameters affecting the MRF damper are 

damping clearance h, piston effective length L and 

piston diameter D. With the increase of the damping 

gap h, the adjustable multiples of the damper increase, 

and the damping force decreases. In order to strike a 

balance between them, we took h in the design of 

1-2mm. The larger the piston length L, and the greater 

the output of damping force, but the increase of L will 

increase the length of the cylinder, which makes the 

size of the damper become larger. Taking it into 

account, took L=8mm. The piston diameter D 

determines the area of the piston, and increase the area 

can increase the damping force, but reduce the 

adjustable coefficient at the same time[28], so D should 

be appropriate, and took D=5-7mm. In addition, the 

piston rod as an important part of the transmission 

force, its strength and stiffness should meet the 

formula: 

  √
  

    
                                  (5) 

In order to minimize the size of MRF damper as 

much as possible, and considering the difficulty of 

processing, we finally took d=2mm. 

In terms of the selection of materials, in order to 

realize the transient response of the MRF damper, the 

piston rod of the materials should meet the 

requirements of good magnetic conductivity and quick 

demagnetization. Early researchers compared silicon 

steel with carbon steel magnetization curve and found 

that silicon steel is significantly faster than carbon steel 

both in the magnetic and demagnetization 

[29].Therefore, in order to get the optimal experiment 

results, silicon steel was chosen as the material of the 

piston rod. In order to make as many lines of magnetic 

force as possible into the cylinder, aluminum alloy with 

weak magnetization but high mechanical strength was 

chosen as the material of the cylinder in this study. 

Likewise, the aluminum alloy was also selected as the 

end cover material. The whole sealing method adopted 

the double sealing device with sealing ring and sealing 

gasket. The main structural parameters of the designed 

micro MRF damper are shown in TABLE I. The 

assembled MRF damper is shown as Fig. 1. 
TABLE I Main structural parameters of MRF damper 

Part Size (mm) Material 

Piston rod diameter d 2 Silicon Steel 

Piston diameter D 5、6、7 Silicon Steel 

Piston length L 8 Silicon Steel 
Inner diameter of the cylinder 9 Aluminum  alloy 
Outer diameter of the cylinder 11 Aluminum  alloy 

 

Fig. 1 Picture of the MRF damper 

2) Experimental testing platform 

After the design of MRF damper is completed, we 

conducted a series of experiments to test its mechanical 

properties, observed and analyzed its performance 

through the experimental data. Therefore, an 

experiment platform was set up, it mainly including 

hardware part and software part. 

The hardware of the experimental platform mainly 

includes computer, motion control card, connecting 

components, the drive, drive motor and motion 

platform. After platform was set up, the related 

components must be programmed to run smoothly. 

Labview software was used to write the motion control 

program to realize the motion control of the experiment 

platform. The whole working process of the 

experimental platform is as follows: The MRF damper 

was fixed on the screw rod through the connecting 

components, computer sends the command to motion 

control card. After receiving the instruction, the signal 

was processed and servomotor was driven by the 

control card, driving the MRF damper move to realize 
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the loading of the force. The force signal was 

transformed into a voltage signal by a piezoelectric 

sensor, and then amplified to the data acquisition card 

via a charge amplifier. At the same time, it was 

transmitted to the current controller in the form of pulse 

and was converted into a stable current value, then was 

transmitted to the coil, achieved the goal of controlling 

the magnitude of damping force. The whole 

experimental platform is shown in Fig. 2. 

 
Fig. 2 Experimental platform 

II. EXPERIMENT AND RESULT ANALYSIS 

 
Fig. 3 Current versus voltage curves 
 

From the above analysis, it can be seen that the 

damping force and damping force adjustable range of 

MR dampers are two important parameters, and the 

most significant factor is damping gap. When damping 

gap increases, damping force reduces, and the 

adjustable range of damping force is larger. In order to 

obtain a larger output damping force and a suitable 

damping force adjustable range, we adopted three 

different diameter pistons in this experiment, 

corresponding to the damping gap of 1mm, 1.5mm, 

2mm, respectively. After the experimental device was 

connected, different analog voltage was inputted on the 

computer to achieve the purpose of supplying the 

corresponding current to the coil, the correspondence 

between the analog voltage and the output current is 

shown as Fig. 3. 

The relationship between the current and voltage is 

expressed as Equation 6: 

                                           (6) 

The different currents of 0-2A were applied to the 

coils respectively, and the results of the three different 

damping gaps were obtained in Fig. 4. 

 
Fig.4 The testing damping force versus time under different currents for 1 

mm gap (a) 1.5 mm gap (b) and 2 mm gap (c) 

From the Fig. 4, we can see that the experimental 

results under the three kinds of damping gap show a 
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similar law: The damping force begins to rise rapidly to 

a peak value, then descends rapidly and tends to be 

gentle, finally maintains a relatively stable value. Both 

the maximum impact force and the smoothing damping 

force increase with current. Since the data is an average 

of the repetitions of fifty experiments, the accidental 

situation was ruled out. In order to compare the 

adjustable ranges of the three kinds of damping gaps, 

we put the damping force of the MR dampers with 

damping gaps of 1 mm, 1.5 mm, and 2 mm on the curve 

of current in a graph shown as Fig. 5. 

 
Fig. 5 Curve of force versus current for three damping gap 

 
Fig. 6 Damping force versus current curve 

The experimental results show that when the 

damping gap is 1mm, the maximum value of smooth 

damping force is 5.0N, the minimum value is 1.85N, 

the adjustable coefficient is 5.0/1.85=2.7; when the 

damping gap is 1.5mm, the maximum value of smooth 

damping force is 4.00N, the minimum value is 1.00N, 

the adjustable coefficient is 4.00/1.00=4.00; when the 

damping gap is 2mm smooth, the maximum damping 

force is 3.01N, the minimum value is 0.85N, the 

adjustable coefficient is 3.01/0.85=3.54. By 

comparison, it was found that the MRF damper with 

damping gap of 1.5mm has the maximum damping 

force adjustable coefficient, so the MRF damper with 

1.5mm damping gap was chosen to further study. 

The damping force increases with the increase of the 

current, and they show a certain positive correlation. In 

order to explore the quantitative relationship between 

the damping force and the current, we performed 30 

repeated experiments on 1.5mm damping gap MRF 

damper, the fitting carve and the experimental data are 

shown respectively in Fig. 6. 

The relationship between damping force and current 

was obtained by polynomial fitting: 

                                     (7) 

 
Fig.7 curves of damping force versus velocity under different currents (a) 

and damping force and displacement under different currents (b) 

Through the mathematical analysis, the fitting curve 

and the actual numerical variance SSE is only 0.02507, 

the mean square error RMSE is only 0.05278, and the 

determination coefficient R-Square is 0.9975. The 

results show that the fitting effect is good and the error 
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is within the allowable range. This formula can 

accurately describe the relationship between the 

damping force and current. In order to further study the 

relationship between the damping force versus the 

velocity and displacement, we adopted the same test 

method to apply different currents to the MRF damper. 

The input currents are 0A, 0.2A, 0.4A, 0.6A, 0.8A, 

1.0A, 1.2A, 1.4A, 1.6A, 1.8A and 2.0A, respectively. 

The mechanical properties under different input 

currents were tested. The test experimental results are 

shown in Fig. 7. 

The experimental results show that, under the same 

frequency, the magnitude of damping force is related to 

the input current and speed. The larger the input current 

and velocity are, the larger the damping force is, and 

the damping force versus velocity curve has obvious 

hysteretic characteristics. The larger the input current, 

the more obvious the hysteresis characteristic. 

 
Fig. 8 curves of damping force versus velocity at different frequencies (a) 

and damping force versus displacement at different frequencies (b) 

In the same way, the MRF damper was applied with 

different frequencies, the testing frequency was set to 

0.1Hz, 0.25Hz, 0.5Hz, 0.75Hz and 1.0Hz, respectively. 

The experimental results are shown in Fig. 8. 

The results show that the damping force is almost 

independent with the excitation frequency under the 

same input current. The relationship between the 

damping force and the displacement changes very little 

with the change of frequency However, at different 

frequencies, the damping force and velocity 

relationship curve still exists hysteresis characteristics, 

the greater the excitation frequency, the more obvious 

the hysteresis characteristics. 

 

III. SIMULINK PLATFORM CREATION 

 
Fig. 9 The diagram of the simulation model from (a) and simulation program 

block diagram from (b) 

Based on the experimental results of the MRF 

damper, and through the theoretical derivation, an 

improved nonlinear dynamic model was proposed, the 

expression of which is shown as equation 8. 

    ̇            ̇        +f0               (8) 

Where c is the viscous damping coefficient, x is the 

displacement of the piston,  ̇ is the speed of the piston, 

f0 is a biasing force, α, β, and δ are undetermined 

parameters associated with hysteresis characteristics. 

These parameters vary with the input current. 

According to the experimental data of the test, the 

relationship between each parameter and input current 

is obtained by data processing. The model parameter 

identification is carried out respectively by Matlab 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

7 

 

 

 

program with genetic algorithm based on the test 

results of different frequencies, different amplitudes, 

and different currents. And the regression fitting was 

carried out. Each of the four parameters can be obtained 

by the polynomial fitting shown as follows, 

                                       (9) 

                                   (10) 

                                     (11) 

                                          (12) 

Where i is the input current. 

In order to validate the model and develop an 

analysis software of MRF damper, we use Simulink to 

create a platform for the above model, the diagram of 

the simulation model is shown in Fig. 9. 

To verify its validity, an arbitrary current is entered. 

When the current is input, easy to get the damping 

force, the current and damping force simulation carve 

is shown as Fig. 10. For example, when we enter 

i=1.2A, run the program, which will show the velocity 

and displacement simulation curves, as shown in 

Figure 10. 

It can be seen from the comparison that the 

simulation results are in good agreement with the 

experimental curves, which shows that the Simulink 

module can describe the electromechanical properties 

of the micro MRF damper very well. As long as the 

input current value is changed, the damping force and 

the simulation curve can be obtained under different 

conditions. Therefore, a GUI interface in MATLAB 

based on the simulation module was designed, and an 

analysis software of MRF damper was obtained. 

IV. CONCLUSION 

The novel outer coil mode was confirmed, 

promoting the development of the smaller MRF 

damper. The MRF damper with 1.5mm damping gap 

has good electromechanical properties. In this paper, by 

reducing the size of the MRF damper, the smoothing 

damping force was reduced to 1N-4N. It was found that 

the damping force has a linear relationship with the 

current, and this relation can be expressed by primary 

curve. The damping force shows obvious hysteresis 

with the increase of velocity, this phenomenon is 

becoming more and more significant with the increase 

of current and frequency. There is no obvious 

relationship between damping force and frequency, 

frequency has little effect on the damping 

force-displacement curve. The damping force of the 

MRF damper can be expressed by a nonlinear dynamic 

model. Simulink simulations show that the model is in 

good agreement with the experimental curves. For this 

reason, an analysis software was developed to promote 

the MR theory and technology improvement. 
 

 
Fig.10 Current-damping force simulation carve (a) and Velocity-damping 

force simulation curve (b) and Displacement - damping force simulation 

curve (c) 
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