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Abstract

The performance of Magnetorheological dampers should be analyzed to study the stability of Magnetorheological fluid
and its configuration. To this end, in this study a prototype Magnetorheological fluid is presented. The fluid consists of
stabilized Silicone dioxide (SiO,) nanoparticles, Stearic acid, Phosphoric acid and micron-sized soft ferromagnetic car-
bonyl iron particles. To assure the authentic performance, sedimentation and magneto-rheometry tests are conducted.
Also, a prototype of double-tube Magnetorheological damper with double magnetic components is fabricated by using
the mentioned magnetorheological fluid characteristics. Damping force measurement test is carried out to measure the
damping force in various electrical currents. The Kwok model is employed to examine the analytical model predictions
against the experiments. Furthermore, a general evolution is presented using the neural network algorithm. It is dem-
onstrated that the damping force in saturated current is almost five times higher than in the zero current. In addition,
the derived evolution for the damping force has a high performance to predict the response of the Magnetorheological

damper in other electrical currents.

Keywords Magnetorheological fluid - Magnetorheological damper - Carbonyl iron particle - Silicone dioxide
nanoparticles - Neural network algorithm - Mathematical modeling

1 Introduction

Some properties of smart materials change dramatically
in response to external stimuli, such as temperature, pH,
magnetic and electric field, chemical compounds, and light
[1-4]. Smart fluid such as Magnetorheological, Electror-
heological, Ferro and Ferro based-on-magnetorheological
fluids, are an extensive class of smart materials, despite
of shape memory polymer (SMP), shape memory alloy,
Hydrogel, Magnetorheological elastomer and etc. [5, 6].
Electrorheological fluids (ER fluids) were first discovered
in 1949 by Winslow [7]. ER fluids are excited by an electric
field (as an external stimulus); also, some changes in their
apparent viscosity can significantly affect their rheological
properties. It is well known that MR fluid is a group of smart

fluids, which alter their rheological properties in response
to a magnetic field as external stimuli [8—10]. MR fluid ini-
tially discovered by Rabinow at the US National Bureau of
Standards in 1948 [11]. MR fluids have lower yield shear
strength, lower-temperature range, and higher energy
consumption compared to their counterparts. Regarding
these characteristics, MR fluid is replaced with ER fluid after
almost one decade from discovering of ER fluids [12-14].
Ferro fluids, discovered in 1960s, are actually a colloidal sus-
pension of nanoparticle distributed uniformly in the carrier
fluid (based fluid) and surrounded by a special surfactant.
These fluids do not settle easily in presence of the magnetic
field, gravity field, and centrifugal forces center. Ferro-fluids
have much lower yield stress compared to other fluids, as
well as their high stabilization. Therefore, the combination
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of MR and Ferro-fluids called Ferro-fluid based-on MR fluids
[15, 16]. As mentioned, MR fluid is one of the most common
smart fluids used as the suspension for micron sized mag-
netic particles dispersed in a non-magnetic liquid for non-
Newton fluids. When these fluids are subjected to magnetic
field, the magnetic particles are polarized. This makes parti-
cles orientate in parallel to the magnetic field and construct
some chains of particles. Consequently, this effect makes
them more viscous [7, 17]. These super characteristics of
MR fluids, make them potential candidates to be used in
numerous applications, e.g. automotive industry, machin-
ing, military, medicine and aerospace devices such as shock
absorber, clutch, brake, and suspension seat [7, 12, 18-21].

In devices with passive system control, the damping
factor of the shock absorber is commonly constant; on the
other hand, they have passive suspension system (because
the type of hydraulic oil and orifice size during the opera-
tion are constant). Thus, for instance the passenger com-
fort and handling is not fully taken into account. Further-
more, in order to overcome these limitations, an active
control system should be used. However, this system may
require a high power supply as well as some different
control loop elements such as sensors. Semi-active con-
trol systems often combine useful characteristics of these
two types of controlling systems. For this purpose, usually,
MR dampers are employed instead of active force genera-
tor elements [22, 23]. In MR damper, the damping factor
is changed due to the applied magnetic field. It alters the
viscosity of MR fluid, which brings more comfort and con-
venience for the passenger [7, 24, 25]. MR dampers have
many advantages such as large scope continual adjustable
damping force, low consumption, simple structure, short
time response and long-range controllable damping force
[26, 27]. The controllable MR based-on-MR fluid devices
usually have five performance modes: valve mode, shear
mode, squeeze mode, a combination of these three modes
and helical mode. Between these modes, the squeeze
mode is rarely used because its application is limited to
low and limited amplitudes [28-31].

Until recently, several experiments and simulations have
been conducted on MR dampers. In most of these cases,
commercial MR fluid and MR damper have been used,
while only a few studies focused on both designing and
modeling of MR damper and its MR fluid. There are lots
of researches in the literature on the modeling and test-
ing various types of MR dampers. Normally a commercial
MR damper or a prototype MR damper is tested and then
employing a hysteresis model, the dynamic behavior of MR
damper had been described [24, 32-34]. Chooi et al. [35]
using analytical techniques proposed a general expression
on the annular flow of fluids and comparing the results with
those of experiments, they validated their formulation. Yu
et al. [36] presented a new working mode for MR damper
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(named Helical mode) and studied the damping force of
the MR damper. To arrive at a shorter response time, Lee
et al. [37] experimentally investigated the response time of
MR damper. In addition, other researchers [38-41] worked
on the response time of MR damper. Some authors such as
Peng et al. [42] reported a modeling and parametric study
on MR dampers. Furthermore some authors considered the
effect of temperature on performance and mathematical
modeling of MR dampers [43].

In this study, in order to investigate the performance
of a prototype MR damper, a prototype MR fluid is fabri-
cated. Then, a configuration of the control valve with one
conventional piston, two coils (as piston) and double-tube
MR damper are designed and manufactured. A magnetic
analysis is carried out to investigate the distribution of
the magnetic flux in the MR fluid. Finally, to predict the
dynamic behavior of the MR damper, a phenomenologi-
cal model is utilized, where its parameters are identified
through Genetic algorithm (GA). In the last section using
the neural network, a general relation for the damping
force incorporated to the magnetic field, frequency and
the amplitude of rod piston is represented. We finally pre-
sent a summary and give some concluding remarks.

2 Theoretical foundations

To design a Magnetorheological damper, it is important to
characterize the MR fluid properties used in MR damper
(e.g.yield stress, plastic viscosity). Different operation mod-
els can be used to properly model the mechanical behav-
ior of MR fluid; Bingham plastic (BP), Herschel-Bulkley, and
Bi-Viscous Model are some well-known models [28]. BP
model is the usual one to analyze an MR fluid [44], so the
BP model is utilized in this study, which could be expressed
ast = 7,(H)sgn(y) + ny [45, 46] where Tis the shear stress
of MR fluid, 7, (H) is yield shear stress in the presence of
magnetic field H that indicates the strength of MRF under
applying the magnetic field. y stands for the strain rate
applied to the MR fluid, n denotes the plastic viscosity in
the absence of magnetic field, and “sgn”is the signum func-
tion. As mentioned, MR devices operate in different opera-
tion modes such as valve mode, shear mode, helical mode,
pressure mode and a combination of these modes. In this
study, the operation mode for the MR damper is the com-
bination of shear and valve modes. To derive equations of
generated forces and dynamic domain of the MR damper,
a combination of the Navier-Stokes, continuity and BP
model are used as pointed out below, [47]:

3
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in which F and D stand for the total generated damping
force and the dynamic domain, which are equal to ratio
of the generated total damping force to the non-con-
trolled force, respectively. First term in Eq. (1) is induced
by viscous component and the second term stands for the
induced stress due to the magnetic field. Parameters L,
A, h. D, and v, denote the pole length of coil, effective
cross section of the control valve (piston), the thickness of
the MR fluid between the inner cylinder and control valve
(also called gap), inner diameter of the inner cylinder and
velocity of piston rod, respectively. The schematic cross
section of the control valve and its associated parameters
are shown in Fig. 1.

Designing control valve (piston) of the MR damper is
the next major step in the manufacturing of MR damper.
Design parameters are the value of gap (h), number of
turns in the coil (N_,), diameter of the coil wire (d,,), length
of the wire wound (L) and diameter of the piston rod (d,,,).
First, considering the maximum force of the target design,
the diameter of the piston rod according to the yield stress
of the piston rod is computed as d,,; = 24/Fyqc /70, Where
o, is the yield stress of the piston and Fyax is the maxi-
mum applied force to the piston. Also, diameter of the
coil wire is calculated from the electric current density as
d,, = 0.255/ [48, 49], where [ is the maximum current at
which the MR fluid is saturated. The saturated current is
found through performing a magneto-rheometry test on
the MR fluid. In addition, to determine the number of coil
wound, by applying the Ampere law to the control valve,
we have N, = 2H,,,h /1[50, 51]. H,, is the intensity of the
magnetic field at which MR fluid is saturated. The other
geometrical parameters of the coil core are calculated as
below [50]:
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Fig. 1 Schematic of the magnetic circuit of the control valve

i

D D
(2)

in which w, and D_, are the width of coil and the distance
between coils, respectively.

D2
we=/>-L2-L

2 a

3 MR fluid fabrication

In this section, in order to fabricate the MR fluid, we used
carbonyliron (Cl) powder with an average particle size less
than 4 pum, density of 7.86 kg/cm? and 30 wt%, produced
by BASF Co. Cl have been chosen due to a high magnetic
saturation limit and magnetic permeability factor [12, 52].
For investigating the sphericity value of Cl particles, the
scanning electron micrograph (SEM) test is carried out and
as shown in Fig. 2, the micron particles of carbonyl iron are
in the desired spherical shapes.

There are some major reasons for choose of Polydi-
methylsiloxane oil (Silicone oil with viscosity 100 cst, density
0.0959 g/cm?, KCC Co., Korea) as the base oil, i.e., the opera-
tion temperature domain is wide, the stability of Cl particle
in this type of oil is high, and the magnetic permeability fac-
tor is low [53]. It is noteworthy to mention that a significant
problem in MR dampers is stability [15]. To avoid this prob-
lem, three stabilizer materials are used in this work as below:

¢ Silicone dioxide nanopowder (SiO,): it has a high volume/
weight ratio does not increase the density of MR fluid. It
the stabilizes the MR fluid by trapping the micronized
carbonyl iron particles and lowering the surface tension
of the fluid [54]. For this study, 1 wt% Silicone dioxide
nanopowder (SiO,) was selected. It was produced by

Fig.2 The schematic of SEM of the Cl particles
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Fig. 3 The experimental results for the MR fluid. a The shear stress versus the strain rate of the MR fluid. b The viscosity versus the strain rate
of the MR fluid. c The sedimentation of the MR fluid versus time. d The characteristic graph of the produced MR fluid

AEROSIL Co. with the density of 2.4 g/cm3, and the par-
ticle size between 20 and 30 nm, where the SCM test
results showed a desired sphericity value.

e Stearic acid: with a density of 0.908 g/cm?3, 1 wt%,
increases the stability of the MR fluid by rising the base
fluid density and trapping the particles [19].

e Phosphoric acid: with a density of 1.885 g/cm3, 1 wt%,
stabilizes the MR fluid [55].
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Mixing of MR fluid plays a significant role in the insta-
bility of MR fluid. In particular, initially, oil carrier, Silicone
dioxide nanopowder, Phosphoric acid and Stearic acid are
mixed in several steps, respectively, then by using FALCA
magnetic mixer and ultrasonic mixer (500 w), they are

mixed for 30 min.
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3.1 The experimental results of the testing of MR
fluid

In this part, sedimentation and magneto-rheometry tests
are carried out. As mentioned before, sedimentation of MR
fluid in MR devices plays a crucial role in the performance
of MR devices. After adding stabilizing materials to the MR
fluid, sedimentation test is conducted. To this end, a little
MR fluid in a glass measuring cylinder with total height“a”is
considered, after a while, the height of the settled MR fluid
is measured as “b”. Furthermore, sedimentation rate of the
MR fluid is calculated as a//x 100 [56]. The sedimentation
rate of the MR fluid is calculated during 20 days as Fig. 3c.
As depicted in Fig. 3¢, the maximum sedimentation after
20 days is satisfying and is about 15%. To identify the rheo-
logical properties of the MR fluid, the magneto-rheometry
test (with MRC300 device) is performed. The variation of
shear stress and viscosity of the MR fluid in different electri-
cal currents are illustrated in Fig. 3a, b which reveals that
the plastic viscosity is about 0.765 Pa.s, yield shear stress is
22 kPa and magnetic field intensity and maximum current
are 300 kA/m and 2 A, respectively. It is remarkable that
the shear rate varies from 0.001 to 1000 1/s as well as the
magneto-rheology test is done in four different currents
of 0,0.5, 1,2 A. In order to eliminate the effect of hysteresis
in the MR fluid, a new sample of the produced MR fluid
is replaced in each electric current. In addition, the shear
stress versus intensity of the magnetic field is shown in
Fig. 3d. In the macroscopic view point, it could be inferred
that the fabricated MR fluid has high shear stress which
makes it a good candidate for use in MR damper.

In addition, to derive a relation between T (in term of
Pa) and H (in term of kA/m), considering the experimental
data in Fig. 3d for BP model, we have:

T = (765 + 105.52H — 0.003H?)sgn(j) + 0.7657 3)

4 MR damper fabrication

In the present section, the MR damper construction is
described. It is a double tube type and works in the com-
bination of shear and valve modes; i.e. it has two MR fluid
reservoirs, inner and outer reservoir. Inner reservoir is
the space between the inner cylinder and piston (or rod
piston) and the outer reservoir is the space between the
inner cylinder and outer tube. The MR damper includes
the piston rod, control valve (including two magnetic core
with both the coil and conventional pistons), the inner
cylinder and the outer tube with soft ferromagnetic low
carbon steel property, cap, rod guide, seal, MR fluid and
stop bush. As mentioned previously, to have more uni-
form magnetic flux distributions, two coils are used. Also,
the configuration of the control valve corresponds to the

secondary flow path type. Finally, the configuration of the
control valve and the MR damper are shown in Fig. 4b.

In addition, a magnetic analysis is conducted to illus-
trate the distribution of the magnetic flux in the control
valve, employing ANSYS MAXWEL software. Two coils are
wounded as series. Series circuit have a higher number
of magnetic field lines compared to the parallel one,
and there is a higher magnetic flux at the control valve
edges. Although response time increases due to a higher
induction factor and therefore a higher damping force
is generated. In Fig. 5, the distribution and magnitude
of the field density, field intensity and magnetic flux are

®)

(a)

Fig.4 The configuration of the a control valve and b the produced
MR damper
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Fig.5 Distribution of flux and magnetic field intensity at the series
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Table 1 Physical and geometrical properties of MR fluid and MR
damper

Dy, h (mm) 32.0,80,1.0
Ly W, D, (mm) 40.0,30.0,28.0
dyoe Do d,, (M) 20.0,16.0,0.7
e (A) 20
N, (rev) 300.0
Hine (KA/M) 300.0
n (Pa.s) 0.765
7, (Pa) 765
p (g/cm?) 13
Spring
Dashpot
O— o
Hysteresis

——

Fig.6 Hysteresis model components

shown. It is noteworthy how choosing series or paral-
lel winding depends upon the geometry of the control
valve and the application of MR devices [57, 58].

Finally, the total material and geometrical parameters
of the MR fluid and MR damper, are listed in Table 1.

4.1 Testing of the MR damper

In this section, the produced MR damper is tested to meas-
ure the damping force in each displacement and velocity.
This work is carried out using a hydraulic shock-absorbing
test machine (Lunik Spain) with a capacity of 1 ton, a maxi-
mum working frequency of 4.7 Hz, a 300 mm course and
frequency of 3.6 Hz. This instrument displays the compres-
sion and tension force in correlation to a given displace-
ment during the rod piston movement. The damping force
is detected by a load cell mounted on the machine, which
first receives it in the form of a voltage change (up to 10

Frequencyi * Amplitude

More Frequency| More Amplitude

Genetic]Algorithm

v

Damping| Force

Neural Network

A4

Fig. 7 Training of a neural network model for the MR damper

Volt) and then converts it to force magnitude in newton.
The first trial is carried out at zero current, then the cur-
rentis setas 0.5, 1 and 2 A, respectively. The experimental
results are presented in detail in the next section.

5 Developing an analytical model of the MR
damper

5.1 Hysteretic behavior of the MR dampers

Several models have been proposed to illustrate the hyster-
esis behavior of the MR dampers. The Kwok model is used
here to model the hysteresis characteristic of the MR damp-
ers [59]. Figure 6 shows the schematic view of the hysteresis
behavior of this model.

Mathematically, the model uses a hyperbolic tangent
function to show the hysteresis response. It employs simple
linear functions to represent the stiffness and viscosity in the
damper. The model is defined as:

f=cX+kX+az+f, 4)

z = tanh (BX + 8sign(X)) (5)

wherec, k, a, z, fyand é are viscousity coefficient, stiffness
coefficient, hysteresis factor, hysteresis variable, force off-
set and scale factor, respectively. GA is one of the most
common optimization methods which due to its pow-
erful nature can be used for identification of linear and
nonlinear systems. On account of this characteristic, we

Table2 The results of

identification for the different Input current (A) ¢ k . fo s o

input currents 1=0 29.013 187.396 6.993 —-0.971 41.884 9.887
[=05 115.705 574.552 65.925 2.863 45538 8.307
=1 166.793 1719.929 89.812 -1.948 18.092 4.16
1=2 339.705 2892.696 98.974 1.15 43.898 9.542
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Fig. 8 Comparison of the damping force versus displacement between the experimental data, hysteresis model and the neural network

prediction in four different currents 0,0.5,1and 2 A

can use GA for parameter identification of the presented
MR damper model. Parameter identification, using the GA
is based on calculating the appropriate fitness function.
The function compares the output data from the experi-
ment and simulation model. Minimization of this function
gives more accurate parameters [60]. The main advantage
of GA is its relatively good precision in identifying the
parameters in presence of noise and quantized data. On
the other hand, the system complexity together with the
numerous number of parameters makes the procedure,
time consuming. As indicated in Egs. (4) and (5), the model
has six undefined parameters, i.e., ¢, k, a, f,, f and 6. All the
parameters except the initial displacement X and velocity
X are set as inputs. The fitness function used in the GA
is derived from the difference between the experimental

and simulation results. Table 2 reports the results of the
identification for different input currents to the damper.

n

1
fitness = p Z

i=1

exp _ psim
Fd,i Fd,i

(6)

5.2 Neural network model construction

Several researchers proposed parameter-based models.
However, parametric methods involve some assump-
tions for the model. Also the parametric models can-
not predict the behavior of the system in different
currents fed to the damper, so in this case, the use of
numerical predictions in proposing a universal model
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Fig.9 Comparative predicted results of neural network in other currents. a Damping force versus displacement, b damping force versus

velocity

is inevitable. Furthermore, non-parametric models are
robust and applicable to linear, non-linear and hysteresis
systems [61]. For the MR damper modeling, Chang and
Roschke [62] proposed a non-parametric model using
the neural networks. In this study, a feedforward net-
work is employed and the network is trained on all the
input and output information of the MR dampers. The
data required for the training is derived from both the
experiment and simulation model generated in Sect. 6.
Figure 7 shows the schematic view of training of the neu-
ral network for the MR damper.

6 Results and discussion

In this section, experimental results, the results of the
hysteresis model and the neural network outcome are
presented. The experiments were carried out in four cur-
rents 0, 0.5, 1, 2 A. The results for three cases are shown
in Fig. 8.

It is well known that at higher currents (or magnetic
intensity), the amount of the damping force rises and
the figure of the damping force versus displacement is
stretched. The main reason for this physical phenomenon
is that by increasing the magnetic field, the magnetic par-
ticles in MR fluid are aligned so that the viscosity of the
MR fluid increases; consequently, the damping force is
enhanced. As mentioned in the previous section, despite
the hysteresis model, to predict the dynamic characteristic
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of the MR damper in other currents and frequencies, the
neural network is implemented. The results of this mod-
eling are presented in Fig. 9.

7 Summary and conclusion

In the present work, a novel MR fluid with different com-
ponents and additives was produced. In the present MR
fluid in order to lower the sedimentation and agglomera-
tion of the particles, Phosphoric acid, Stearic acid as well
as Silicone dioxide nanopowder were utilized. Then, rheo-
metrical characteristics of the MR fluid under rheometry
test was calculated. Afterward, the conceptual design of
the MR damper was performed. The MR damper was fabri-
cated Based on the geometrical design, magnetic analysis
and rheological properties of MR fluid. Also, the dynamic
test was carried out to identify the dynamic mechanical
parameters. A hysteresis model based on the experimen-
tal data was applied to predict the dynamic behavior of
the MR damper. Employing a neuro network algorithm,
the dynamic response of the MR damper were identified
under different conditions (e.g., frequency, amplitude
of the displacement and, electrical current). The predic-
tions of the proposed model and the neural network, are
in good agreement with the experimental data. Also, the
neural network has a broad potential in predestining of
the MR damper in other currents.
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