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Abstract
As the rheology of a magneto-rheological (MR) fluid can be controlled by an externally applied magnetic field, the damping 
force generated by a MR damper can be controlled by varying the current supplied to an electromagnet inside the damper. 
This paper presents the experimental evaluation of such a MR damper RD-8040-1 by Lord Corporation, USA, and its applica-
tion in a semi-active suspension. The experiments were carried out in damping force testing machine. Sinusoidal displace-
ment input was given to the test damper. The set of experiments were repeated for different levels of current (0–1.5 A in 
steps of 0.25 A) supplied to the MR damper. Plots of force versus displacement for each frequency of excitation and plots 
of maximum force versus frequency of excitation show that higher values of current lead to elevated values of MR damper 
forces. This increase in MR damper load with current supplied is studied and analyzed to develop a mathematical model of 
the MR damper under investigation. The nonlinear softening hysteretic behavior of the MR damper is simulated by using 
genetic algorithm provided in the optimization toolbox of MATLAB. Calculations on energy dissipation and equivalent 
damping coefficient of the MR damper show that the same damper can make the suspension system behave as an under-
damped system, critically damped system or overdamped system depending on the value of current supplied to it. The 
application of this MR damper for heavy vehicle driver’s seat suspension is explored with the help of MATLAB simulations.
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1 Introduction

The purpose of any suspension system is to isolate a struc-
ture from external excitations. RD-8040-1 is a magneto-
rheological (MR) damper manufactured by Lord Cor-
poration, USA. According to the product technical data 
provided by Lord Corporation on their website, it is meant 
for suspension applications in industries and it provides 
damping which varies in real time in response to varying 
strength of the magnetic field. This is achieved by a rise 
in the MR fluid yield strength. The stroke length of the 
damper is 55 mm, and extended length is 208 mm. There 
are many examples of studies done on the behavior of MR 
dampers. Cortes et al. [1] characterized MR damper based 

on fluid properties such as applied current and damper 
design parameters. Force, velocity and displacement were 
determined using load cell and Shimadzu system. Zhang 
et al. [2] studied the importance of energy dissipated and 
controllable force in MR damper performance and hence 
concluded that both are strong functions of magnetic flux 
density that can be attained in MR fluid gap. Guan et al. [3] 
derived not only ordinary differential equations to repre-
sent the physical MR damper using the friction element, 
viscous element and spring element but also expression 
to determine the width of the hysteresis. Spencer et al. [4] 
reviewed various models available at that time and pro-
posed a new model that could predict the working of a 
magnetic field-controllable MR fluid damper in a more 
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effective manner. Bogdan [5] analyzed the parametric 
models of MR linear dampers concerning various behav-
ioral characteristics. The analysis shows that the basic 
difficulties in formulating such models were because of 
the presence of hysteresis and jump-type phenomenon. 
It could be seen that if the model is too simple, then the 
predicted curves become less accurate, thus making 
the model ineligible to be used for control problems. 
Song et al. [6] used a series of continuous and differenti-
able mathematical functions to carry out nonparametric 
approach for modeling of MR damper. Dyke et al. [7] pro-
vided with a mathematical model to study the effect of 
parameters on vibration response of a MR damper char-
acterized using Bouc–Wen model. Peng et al. [8] tried to 
describe the distorted hysteresis behavior of MR damper 
using Bouc–Wen–Baber–Noori method.

Very few researchers have applied the dissipation 
energy method to find the equivalent damping coefficient 
of a MR damper. In commercial load-carrying vehicles, pas-
senger comfort is not a priority but low cost, ruggedness 
and vehicle reliability are the priority. Providing suspen-
sion system to the seat in addition to the vehicle suspen-
sion becomes important as the vehicle suspension cannot 
be made soft enough in order to maintain stability and 
roadholding of the commercial vehicle [9]. Application of 
MR dampers to a single-degree-of-freedom seat suspen-
sion in commercial vehicles is not fully explored and is not 
very well known.

2  Methodology

The flowchart of the methodology followed is shown in 
Fig. 1. A commercial MR damper was experimentally char-
acterized on a damping force testing machine. The force 
developed by the damper at different frequencies of sinu-
soidal excitation for different values of current supplied 
was measured. Using the force–displacement curves thus 
obtained, the equivalent damping coefficient of the damper 
at different levels of current supplied is calculated. A math-
ematical model is developed for the MR damper behavior 
using the Bouc–Wen equations. A seat suspension using this 
MR damper was modeled, and its response to displacement 
pulse input at different values of current supplied is studied 
numerically using MATLAB Simulink toolbox.

2.1  Experimental setup

The commercial MR damper from Lord Corporation, 
model number RD-8040-1, was taken to Rambal India Ltd, 
Thiruporur, Chennai, for experimental testing in the damp-
ing force testing machine as shown in Fig. 2. The maximum 
load capacity of the testing machine is 1 T (1000 kg), and 

maximum velocity achievable is 1 m/s. The MR damper has 
a maximum stroke of 55 mm, and its extended length is 
208 mm [10].

By keeping the stroke fixed at 40  mm (amplitude of 
20 mm), the frequency of input oscillations was gradually 
increased to obtain different velocities. At each frequency 
and its corresponding velocity, different levels of current 
were given as input as shown in Table 1. During each test 
run, constant current was supplied to the magnetizing coil 
in the MR damper through the Wonder Box of Lord Corpo-
ration model RD-3002-03. The current being supplied was 
measured and verified using DC clamp current meter.

The different levels of sinusoidal input frequency and dis-
placement amplitude were arrived at in consultancy with 
industrial collaborator Rambal Ltd who have a considerable 
amount of experience in manufacturing and testing hydrau-
lic twin-tube and monotube dampers for various applica-
tions. Each experimental run was measured by sensors and 
logged by data acquisition system to give the instantaneous 
displacement and damping load for different frequencies of 
loading. The displacement (stroke in mm) was measured by 
a position sensor in the hydraulic actuator, and the damping 
force was measured by a load cell mounted in series with 
the fixed jaw holding the other eye of the MR damper. Test 
runs were carried out at different levels of current supplied 
to the MR damper.

2.2  Equivalent damping coefficient of the MR 
damper

The area of the force–displacement plot of the damper 
gives the energy dissipated in one cycle of compres-
sion and extension. From the experimental plots of force 
versus displacement for the Lord MR damper at 2.07 Hz 
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Fig. 1  Methodology flowchart
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excitation, area of the graph for one full cycle is calcu-
lated by numerical integration using the trapezoidal rule. 
Then using Eq. 1, the equivalent damping coefficient of 
the damper can be evaluated [11]. Here, W is the single-
cycle energy dissipation, Ceq is the equivalent damping 
coefficient, f is the frequency of excitation, and X is the 
amplitude of excitation.

For a spring–mass system having a single degree of 
freedom, the critical damping coefficient is given by 
Cc = 2

√
km , where k is the stiffness of the spring and m 

is the mass. The spring–mass damper system is critically 
damped if Ceq is equal to Cc. A critically damped system 
returns to the mean position in the shortest time with-
out overshooting to the other side of the abscissa. An 
underdamped system exhibits oscillatory motion with 
decreasing amplitude with time. An overdamped system 
also returns to the mean position without overshooting 
but takes longer time compared to the critically damped 
system.

(1)W = 2�2
CeqfX

2

2.3  Mathematical model of MR damper

Representation of behavior of MR damper as a math-
ematical model is required for simulation studies. The 
existing MR damper models are either nonparametric or 
parametric models. The parametric modeling technique 
uses a group of linear and nonlinear springs and other ele-
ments to characterize the behavior of the device. Based 
on mechanical idealizations, various parametric dynamic 
models for MR dampers have been explored and validated. 
Among these models, the Bouc–Wen model has gained 
wide acceptance within the engineering community 
as it can represent a wide range of hysteretic shapes by 
using simple differential equations [12]. Spencer et al. [4] 
first represented the hysteretic behavior of MR dampers 
by adopting the Bouc–Wen hysteretic operator. Simple 
Bouc–Wen can be shown schematically as in Fig. 3.

In Eqs. 2 and 3 [4], F(t) denotes the total damping force 
predicted by the model, c0 is the viscous damping coef-
ficient, k0 is the stiffness coefficient, × 0 is the initial dis-
placement of the spring to compensate for the effect of 
accumulator, and z is the evolutionary variable which is 
generally expressed in the differential form. The remaining 
parameters are the ones that influence the shape of the 
hysteresis curve. Determination of these parameters using 
different techniques is known as model fitting. Since there 
are eight parameters to be defined, simple trial and error 
method would be impractical. Hence, a genetic algorithm 
(GA) provided in the optimization toolbox of MATLAB was 
used for the purpose. GA is basically a search algorithm 

(2)F(t) = c0x + k0

(
x − x0

)
+ �z

(3)z = −�|x|z|z|n−1 − �x|z|n + Ax

Fig. 2  a Schematic diagram of experimental setup. b Damping force testing machine

Table 1  Different levels of sinusoidal excitation frequency and cur-
rent supplied at a fixed displacement amplitude of 20 mm

Sinusoidal input frequency 
f (Hz)

Velocity amplitude 2πfX 
(m/s)

Current 
supplied 
I(A)

0.4 0.05 0
1.03 0.13 0.25
2.07 0.26 0.5
3.1 0.39 0.75
4.14 0.52 1

1.25
1.5
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that looks for the best of the combination of given param-
eters within the given range to generate data that are very 
close to given experimental data. The error between the 
generated and experimental data is evaluated using an 
error function (or fitness function). The fitness function 
[14] used in this study is given by Eq. 4.

Here, n is the number of samples, Fd
exp is the force 

obtained from experiments, and Fd
Fit is the force obtained 

from the model. For each combination of parameter val-
ues, the damping force was calculated using Eqs. 2 and 3 
that were represented in MATLAB Simulink as shown in 
Fig. 4.

2.4  Application of MR damper to seat suspension

One of the prime applications of Lord MR damper 
RD-8040-1 is suppressing the vibration of driver’s seat 
in commercial vehicles. Since commercial vehicles do 
not have the type of sensitive, advanced and expensive 
suspension fitted in passenger vehicles, the drivers of 
commercial vehicles experience fatigue and uneasiness 
due to long hours of work. Instead of upgrading the sus-
pension of the entire vehicle, which is quite expensive, 
there is a cheaper alternative in the form of suspension 
for the driver’s seat. The vibrations coming from the vehi-
cle chassis are prevented from getting transmitted to the 
body of the driver by introducing a spring and damper 
between the driver seat and the vehicle chassis as shown 
in Fig. 5.

The seat suspension is modeled as a single-degree-
of-freedom spring-mass system. In the case of passive 
suspension, the damping coefficient of the damper is a 

(4)Fitness =

�
1

n

∑n

i=1

�
F
exp

d,i
− FFit

d,i

�2

�
1

n

∑n

i=1

�
F
exp

d,i
−

�∑n

i=1
FFit
d,i

��2

fixed parameter based on the damper design. In the case 
of semi-active seat suspension, the damper used is a MR 
damper whose equivalent damping coefficient can be 
varied in real time within milliseconds by changing the 
value of current supplied to the MR damper.

3  Experimental results and discussion

The plot of load versus displacement for different values 
of current at different loading frequencies is shown in 
Fig. 6a–e. Assuming negative values of displacement and 
force to be compression stroke and positive values to be 
rebound or extension stroke, the plot to the left of the 

Fig. 3  Simple Bouc–Wen model [13]

Fig. 4  Simulink blocks for Bouc–Wen model

Fig. 5  Schematic of seat suspension
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ordinate is compression stroke and to the right of the 
ordinate is rebound or extension stroke. Similarly, the 
values of force above the abscissa are extension loads 
and the values of force below the abscissa are compres-
sion loads. The curve is traced clockwise as the damper 
is excited experimentally. The load versus displacement 
plots show that for any given frequency of input oscil-
lations, the damping force increases with an increase in 
the current supplied to the MR damper. Since the area 
under the force–displacement curve gives the single-
cycle energy dissipation, it can be observed from the 
load versus displacement plots that higher values of cur-
rent supplied lead to greater energy dissipation by the 
MR damper.

The load versus displacement plots for different fre-
quencies of oscillations at three fixed levels of current, 0 A, 

0.5 A and 1 A, are shown in Fig. 7a–c. At 0 A current, the 
MR damper works as a passive damper. Damper velocity 
is directly proportional to the product of frequency and 
stroke length. Since stroke length is kept constant for all 
experimental runs, an increase in frequency causes a pro-
portional increase in damper velocity. The nature of a pas-
sive viscous damper is to give damping force proportional 
to the damper velocity as given by Eq. 5.

Here, Ceq is the equivalent damping coefficient of the 
damper and x is the damper displacement. For any given 
current, we can observe from the plots in Fig. 7a–c that 
the damping force and energy dissipated by damper both 
increase with an increase in frequency. This demonstrates 

(5)Fd = Ceq.
dx

dt

Fig. 6  a Force versus displacement at 0.4 Hz. b Force versus displacement at 1.03 Hz. c Force versus displacement at 2.07 Hz. d Force versus 
displacement at 3.1 Hz. e Force versus displacement at 4.14 Hz
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that the Lord MR damper model RD-8040-1 can be used as 
a damper in passive and semi-active suspension systems.

Figure 8 shows a plot of maximum damping force ver-
sus velocity amplitude of the damper. At 0 A current, the 
plot is a straight line passing through the origin as is the 
case in any typical passive viscous damper. At higher cur-
rent values, the slope of the plot increases and it gives pro-
gressively higher values of maximum damping force for 
the same velocity amplitude. Assuming negative values of 
velocity and force to be compression stroke and positive 
values to be rebound or extension stroke, the maximum 
force versus velocity amplitude plot will be in the third 
quadrant for compression stroke and in the first quadrant 
for extension stroke. This behavior of the MR damper is 

utilized in designing a semi-active suspension system for 
commercial vehicle seat.

Dynamic range of an MR damper is defined as the ratio 
of the maximum damping force at full current to the maxi-
mum damping force at no current. It is a non-dimensional 
number, and the value of full current for Lord RD-8040-1 
as given in [10] is between 1 and 2 A. The plot of dynamic 
range versus frequency in Fig.  9 shows that dynamic 
range reduces drastically with an increase in frequency. 
Since dynamic range is an important parameter in effec-
tive working of a semi-active suspension system, the MR 
damper Lord Rd-8040-1 is more suitable for low-frequency 
applications in the range of 0.5–3 Hz.

Using Eq. 1 and numerical integration of experimental 
plots of force versus displacement, equivalent damping 

Fig. 7  a Force versus displacement at 0 A current. b Force versus displacement at 0.5 A current. c Force versus displacement at 1 A current

Fig. 8  Maximum force versus 
velocity amplitude
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coefficient of MR damper at 2.07 Hz excitation frequency 
and 20 mm amplitude of excitation for different levels of 
current supplied is given in Table 2.

To simulate the behavior of the MR damper under 
forced vibration, a mathematical model of the MR damper 
is developed based on the Bouc–Wen model. The GA used 
in this study consisted of a population size of 200 with 
20 generations and 50 stall generations. Since the differ-
ential equation involved is fairly complex, a fourth-order 
Runge–Kutta method was used for computation of the 
model parameters. These parameters are shown in Table 3.

The plots of force versus displacement for the MR 
damper showing experimental and simulated results 
at current values of 0 A, 0.5 A and 1 A for 2.07 Hz exci-
tation frequency are shown in Fig. 10a–c. Similarly, the 
plots of force versus time for the MR damper showing 

experimental and simulated results at current values of 
0 A, 0.5 A and 1 A for 2.07 Hz excitation frequency are 
shown in Fig. 11a–c.

The plots show that there is a reasonable agreement 
between the experimental and simulated results. The 
mathematical modeling was done for one particular fre-
quency of excitation to demonstrate the method to be 
used to get the mathematical model of MR damper behav-
ior. Hence, following the same procedure, mathematical 
models can be developed to predict the behavior of the 
MR damper at various other current levels and other exci-
tation frequencies and a more generalized model can be 
obtained for damper behavior prediction. These can be 
further used to design semi-active control strategy for the 
seat suspension using MR damper.

Assuming mass of human body to be 60 kg and that of 
the seat to be 20 kg, the total mass of the single degree 
of freedom system m is 80 kg. The spring stiffness of the 
system k is assumed to be 16 kN/m. Based on these val-
ues, the natural frequency of the undamped system is 
2.251 Hz. Since vehicle chassis vibration is predominantly 
in the region of 0.5–7 Hz, the natural frequency falls within 
this range and use of a suitable damper becomes neces-
sary to avoid resonance of the seat suspension. The critical 
damping coefficient for this system is 2.2627 kNs/m. The 
response of the system to a pulse input of displacement 
amplitude of 20 mm for different values of current sup-
plied is shown in Fig. 12.

We can see that the response of the system at 0 A cur-
rent is similar to the response of an underdamped system. 
At higher values of current, like 0.5 A and 1 A, the response 
of the system is similar to that of an overdamped system. 
This behavior is corroborated by the analytical results pro-
vided in Table 2 which shows that the equivalent damping 
of the MR damper at 0 A is less than the critical damp-
ing coefficient of the system and the equivalent damp-
ing of the MR damper at 0.5 A and 1 A is greater than the 
critical damping coefficient of the system. Hence, it has 
been demonstrated that by tuning the current supplied 
to the MR damper, the same damper can make the system 

Fig. 9  Dynamic range versus 
frequency for Lord RD-8040-1 
damper

Table 2  Energy dissipated and equivalent damping coefficient of 
MR damper at different values of current supplied at input excita-
tion frequency of 2.07 Hz and excitation amplitude of 20 mm

Current supplied 
I(A)

Energy dissipated 
W (J)

Equivalent damp-
ing coefficient Ceq 
(kNs/m)

0 21.8029 1.334
0.5 56.9029 3.4816
1 94.4915 5.7814

Table 3  Bouc–Wen model parameters

Sl. no. Parameter Value

1 c0 (Ns/m) 2069.6I − 833.4
2 k0 (N/m) 6782I2 + 18045I + 12907
3 x0 (m) 0.012982
4 α (N/m) − 128.59I2 + 639.98I − 276.47
5 γ (/sq m) 44.616
6 n 9.927883
7 β (/sq m) 24.768
8 A 19.903
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Fig. 10  a Force versus displacement for 2.07 Hz excitation frequency at 0 A current. b Force versus displacement for 2.07 Hz excitation fre-
quency at 0.5 A current. c Force versus displacement for 2.07 Hz excitation frequency at 1 A current

Fig. 11  a Force versus time for 2.07 Hz excitation frequency at 0 A current. b Force versus time for 2.07 Hz excitation frequency at 0.5 A cur-
rent. c Force versus time for 2.07 Hz excitation frequency at 1 A current
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behave as an underdamped, critically damped or over-
damped system of vibration.

4  Conclusions

A commercially available MR damper was evaluated in a 
damping force testing machine at various excitation fre-
quencies and current supplied. Plots of force versus dis-
placement show that damping force was increasing with 
velocity as well as current supplied. Calculation of area of 
the force versus displacement loops leads to evaluation 
of energy dissipated values which in turn gave values of 
equivalent damping of the MR damper. The increase in 
equivalent damping with current supplied and plots show-
ing the high dynamic range of MR damper at frequencies 
between 0.5 and 3 Hz made the MR damper suitable for 
application in commercial vehicle driver’s seat suspen-
sion. Mathematical model of the MR damper behavior 
was developed using Bouc–Wen hysteresis operator and 
genetic algorithm (GA) provided in optimization toolbox 
of MATLAB. A good match between the simulated and 
experimental plots confirms the veracity of the method 
used. It was successfully shown that by controlling the cur-
rent supplied to the MR damper, the suspension can be 
made to work as an underdamped, critically damped or 
overdamped system. The current supplied also controls 
the amount of energy dissipated by the MR damper in one 
cycle of input oscillation. These can be used to design a 
semi-active control strategy for the seat suspension using 
MR damper to provide a comfortable and fatigue-free ride.
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