
Citation: Maharani, E.T.; Lee, D.-H.;

Kim, Y.-J.; Oh, J.-S.; Choi, S.-B. The

Actuating Characteristics of

Magnetorheological Fluids Subjected

to Particle Sedimentation and

Temperature Variation. Actuators 2024,

13, 277. https://doi.org/10.3390/

act13080277

Academic Editor: Janusz Gołdasz

Received: 24 June 2024

Revised: 20 July 2024

Accepted: 22 July 2024

Published: 24 July 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

actuators

Article

The Actuating Characteristics of Magnetorheological Fluids
Subjected to Particle Sedimentation and Temperature Variation
Elliza Tri Maharani 1, Dong-Hoon Lee 2, Young-Jun Kim 3, Jong-Seok Oh 2,3,* and Seung-Bok Choi 4,5,*

1 Department of Mechanical Engineering, Kongju National University, Cheonan 31080, Republic of Korea;
a20220347@smail.kongju.ac.kr

2 Department of Future Automotive Engineering, Kongju National University,
Cheonan 31080, Republic of Korea; ehdgns6245@smail.kongju.ac.kr

3 Department of Future Convergence Engineering, Kongju National University,
Cheonan 31080, Republic of Korea; d20230046@smail.kongju.ac.kr

4 Department of Mechanical Engineering, The State University of New York Korea (SUNY Korea),
Incheon 21985, Republic of Korea

5 Department of Mechanical Engineering, Industrial University of Ho Chi Minh City,
Ho Chi Minh City 70000, Vietnam

* Correspondence: jongseok@kongju.ac.kr (J.-S.O.); seungbok.choi@sunykorea.ac.kr (S.-B.C.)

Abstract: Magnetorheological (MR) fluids are known for their controllable characteristics under
the influence of magnetic fields and, hence, widely used as semi-active actuators for vibration
control. Regardless of advantages such as fast response time and reversible property, MR fluids
inevitably experience sedimentation caused by significant density mismatches between magnetic
particles and carrier liquids. Moreover, the effect of the temperature on actuating characteristics is
also one of the problems to be resolved for practical implementation. This study experimentally
investigates the sedimentation behavior under various temperatures ranging from 25 to 70 ◦C using
a multiguide-arm magnetic device that generates a uniform magnetic flux density across MR fluids.
The sedimentation stability is then observed after 168 h at current inputs of 0, 1, and 2 A, respectively.
Subsequently, the field-dependent rheological properties of MR fluids are evaluated using a rheometer
and discussed, showing actuating capability, which depends on the viscosity, shear stress, and yield
stress before (initial state) and after the sedimentation (sedimentation state). The field-dependent
yield stresses, which directly represent the actuating force of the semi-active actuator, are specifically
evaluated. Under the on-state condition (2 A) at a temperature of 70 ◦C, the yield stress decreased
from 2.747 kPa (initial state) to 2.352 kPa (sedimentation state). By using this yield stress, the field-
dependent damping force was evaluated, showing a decrement from 1672 N (initial state) to 1623 N
(sedimentation state) at a velocity of 0.8 m/s. It is shown that the temperature causes the reduction of
the actuating properties after the long-term operation. The insightful findings achieved in this work
will provide useful information for the evaluation of actuating characteristics of smart MR fluids and
the design of MR application systems subjected to particle sedimentation and temperature variation.

Keywords: MR fluids; semi-active actuator; actuating characteristics; particle sedimentation;
temperature; magnetic field; rheological properties

1. Introduction

Magnetorheological (MR) fluids are recognized as intelligent (or smart) materials
whose rheological characteristics are easily influenced by an external magnetic field. It is
known that the actuator utilizing MR fluids is semi-active since it controls only damping
force by regulating the intensity of the magnetic field [1]. For this reason, MR fluids are
widely found in controllable devices in many application sectors such as automotive (MR
clutches, MR dampers, MR mounts, MR brakes) [2–5], seismic protection (MR dampers for
building) [6], and material removal (surface precision machining) [7]. MR fluids’ working
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principle is divided into two conditions: on-state condition and off-state condition. The
off-state condition is when MR fluids are not subjected to any influence of magnetic fields.
In this state, MR fluids freely flow and act like Newtonian fluids. On the other hand, MR
fluids under the influence of magnetic fields, act as Bingham plastic materials, which allow
the iron particles to form chain formations in a solid state. Generally, carbonyl iron particles
(CIP: most general magnetic particles) and carrier fluids (nonmagnetic fluids) are used as
the main ingredients to make MR fluids.

However, regardless of several benefits as a semi-active actuator, MR fluids have faced
a serious problem called sedimentation, when the iron particles settle down to the bottom
of the container. The force of gravity causes iron particles to gradually settle to the bottom
caused by the noticeable dissimilarity in the density of CIPs (7.5 g/cm3) and carrier fluids
(1 g/cm3) [8]. Notably, sedimentation influences the effectiveness of MR fluids in terms of
their MR effect and longevity. Consequently, frequent disposal of MR fluids is common in
the application, while its disposal may contribute to severe environmental problems. To
prevent this problem, several researchers have proposed diverse recipes related to material
composition modifications [9]. An enhancement was proposed by Zhibin et al. [10] by
modifying the carrier fluids in which the molybdenum disulfide created a high zero-field
thickness, a small contact angle, and a good wetting impact leading to the antisedimentation
within MR fluids like the grease. Cheng et al. [11] coated the surface of iron particles with
organic molecules as the additive in their experiment. This increased suspension stability
and decreased sedimentation rate without drastically lessening the magnetorheological
effect. Another recent study by E.T. Maharani et al. [12] experimented with a sedimentation
test of commercial MR fluids (MRF-132DG) by applying several current input magnitudes
with different current profiles (sine and square waves) to improve sedimentation stability.
The study proved that the current input of 1.5 A, generated from an electromagnetic field
of 0.073 T, could prevent the occurrence of sedimentation.

The evaluation of sedimentation stability of MR fluids can be done using several meth-
ods. Tensiometric tools, such as Krüss K100, have been developed [13,14] to measure the
sedimentation velocity in the stable position. S.R. Gorodkin et al. [15] proposed measuring
the sedimentation velocity using the magnetic conductivity of dispersed iron particles in the
MR fluids. G.R. Iglesias [16,17] modified S.R. Gorodkin’s device to allow a tube filled with
MR fluids to be fully scanned using a measuring coil. The volume fraction of iron particles
was determined by the inductance (L) of a thin coil surrounding the test tube. Another
study by M.T. López-López et al. [18,19] designed a device using two large Helmholtz
coils to generate a low-intensity AC magnetic field. The test tube was placed inside a
stationary sensing coil at the center of the field, allowing only localized sedimentation to
be surveyed. Another study by M. Lita et al. [20] utilized an x-ray transmission with a
Dron 3 diffractometer to characterize the sedimentation rate. This device had a stationary
probe that measured concentration at a specific location. H. Cheng et al. [21] introduced a
method to measure the sedimentation rate by correlating the thermal conductivity of MR
fluids with particle concentration. This method used a thermal conductivity tester with a
100 mm long probe. However, each mentioned method somehow still has shortcomings
that need to be improved. The most used method to evaluate the sedimentation stability of
MR fluids sedimentation is visual assessment. This method has been widely used in many
studies [22–26] by monitoring the height of the sedimentation layer.

Another factor to consider in the actuating properties of the semi-active MR actuator
is temperature, which varies depending on the environmental and operational conditions
of the application systems. The sedimentation test based on different temperatures was
performed by a few researchers. A.K. Kariganaur et al. [27] investigated the effect of temper-
ature (30 ◦C to 100 ◦C) on the sedimentation stability of six different kinds of MR fluids with
different compositions in additives (lithium grease and calcium grease) and carrier fluids
(silicone oil and hydraulic oil). They investigated the sedimentation stability under off-state
conditions in different temperatures controlled using an incubator. A rheometer was also
used with different testing parameters (temperature and magnetic field) to compare the
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rheological properties of MR fluids. The study has stated that the settling particle is signifi-
cantly influenced by temperature. A temperature increase causes a significant decrement
in the viscosity and density of the carried fluids, increasing the mismatch density, which
causes faster settling of particles. In addition, the combination of silicone oil carrier fluid
and lithium base grease additive exhibits superior long-term, particle-retaining capacity at
higher temperatures. Another recent study by Y. Rabbani et al. [28] explored sedimentation
stability, rheological properties, and the magnetorheological effect of carbonyl iron mi-
croparticles (CIMs) suspended in silicone oil across temperatures from 10 to 85 ◦C using a
water bath that had a thermal control. The findings reported that additives could be used to
prepare stable and effective MR fluids, which was proved by the sedimentation stability of
over 92% at 25 ◦C. Furthermore, it has been found that the maximum yield stress increases
sharply with increasing magnetic field strength or decreasing temperature. In addition,
the temperature has a significant impact on the characteristics of MR fluids and thermal
conductivity [29]. The causes and recipes to resolve or reduce the particle sedimentation
of MR fluids have been well summarized in the previous study by S.B. Choi [9]. So far,
many studies on the particle sedimentation of MR fluids have been carried out by reducing
the mass density of the magnetic particles through the addition of additives and particle
coatings and the use of different particle shapes from spherical ones such as flakes. How-
ever, a relationship between the sedimentation rate and temperature variation at various
magnetic fields has not been reported yet. Moreover, the field-dependent actuating forces
subjected to sedimentation and temperature variation have not been identified either. In
the calculation of the actuating force, the principal rheological properties of MR fluids, such
as viscosity, storage modulus, and yield stress, are required.

Consequently, the main technical contribution of this work is to experimentally in-
vestigate a relationship between the field-dependent actuating force and the particle sedi-
mentation of MR fluids at different temperatures. In order to achieve this goal, a magnetic
analysis of a multiguide-arm magnetic device is undertaken using a finite element method
magnetics to obtain the predicted generated magnetic flux density, followed by an experi-
mental investigation of the temperature variation with respect to the time. In this study,
several current magnitudes from a DC source and controlled temperatures are imposed on
MR fluids over a long-term period (168 h). Experimental results include the sedimentation
stability by visual observation to obtain the sedimentation rate and the rheological proper-
ties of MR fluids such as viscosity, shear stress, and yield stress at different current levels.
To verify the actuating performance of the semi-active actuator of MR fluids, mathematical
modeling is used to obtain damping force using the results achieved in different testing
conditions. It is remarked here that the results presented in this work will be an effective
reference for the calculation of the actuating force of MR application systems without and
with particle sedimentation at various temperatures and magnetic field intensities over a
long operational period.

2. Materials and Methods
2.1. Magnetic Field Analysis

In this work, a single guide arm magnetic analysis was performed at a certain po-
sition of a tube filled with MR fluids due to geometric limitations [12,30]. As a result,
the magnetic field does not influence the overall MR fluids region. Therefore, this study
proposes a multi-guide-arm magnetic device. A 2-D finite element program, Finite Element
Method Magnetics (FEMM 4.2), was used to estimate the generated magnetic flux density
and magnetic flux lines around the MR fluids on each position of the magnetic guide
arm (top, middle, and bottom). This simulation program has been widely used by other
researchers [31–34] to obtain magnetic field analysis. The simulation was started by deter-
mining the chosen problem. In this work, the MR fluid 132-DG from LORD Corporation
was used which has typical properties as shown in Figure 1a and Table 1 [35]. The guide
arm was manufactured using steel 45C (Figure 1b), while the magnetic circuit consisted
of a copper wire (1 mm diameter) that wound around the steel bobbin with 500 turns.
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Then, the current inputs of 1 A and 2 A were applied to the copper wire to generate the
magnetic field through the guide arms. The magnetic field analysis was started by making
a two-dimensional design with an air boundary made with the chosen materials, as shown
in Figure 2. Then, mesh and simulation results were done. The geometric configuration
and simulation results are depicted in Figures 2 and 3, respectively. As shown in Figure 3,
uniform magnetic flux lines around the MR fluids were seen in each guide arm with a
distance of 19 mm of each position (top, middle, bottom). According to the simulation
results, the magnetic flux density around the observation region of the middle position was
approximately 0.046 T at 1 A and 0.093 T at 2 A. Meanwhile, the observation region of the
top and bottom positions had the same value of magnetic flux density which was roughly
0.027 T and 0.054 T at the current inputs of 1 A and 2 A, respectively. The higher magnetic
flux density observed in the middle position arose from the reinforcement magnetic field
from the top and bottom guide arms [36]. As shown in Figure 3, the magnetic flux lines pass
through and reinforce the magnetic flux at the middle guide arm. The magnetic field was
also measured with a Tesla meter (FH-54) equipped with a hall probe (HS-TGB5-104010).
The measured magnetic field was nearly similar to the simulation results of approximately
0.046 T for a current input of 1 A and approximately 0.1 T for a current input of 2 A.
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Table 1. Typical properties of MR fluid 132-DG.

Parameters Value Unit

Viscosity 0.112 Pa·s
Density 2.95 to 3.15 g/cm3

Solid Content by Weight 80.90 W%
Flash Point >150 ◦C

Temperature −40 to +130 ◦C
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2.2. Experimental Method

The experimental setup of this study was inspired by the previous work by E.T.
Maharani et al. [12], with a single guide arm focused only on the top position of a tube filled
with MR fluids. However, in this work, a multi-guide-arm magnetic device was subjected
to three different positions (top, middle, bottom) of a tube-filled MR fluid to include all the
MR fluid regions under the influence of the magnetic field to meet the research objective
of this study which investigates several behaviors of MR fluid after long-term operation.
Figure 4 shows the working flows of this study. The parameters of our experiment included
current input and temperature, which can be seen in Table 2. The overall experimental
setup of this study is presented in Figure 5. A DC power supply (GW INSTEK GPS 3303)
was used for the source of the current input to the coil that wound to a bobbin. This study
used a hot plate (LK Lab Korea H03-04-050) to control the temperature. In addition, a
digital thermometer with data logging (SUMMIT TPI 367D) connected with a temperature
sensor (TPI STP 150 LB-L) was used to monitor and record the temperature condition of
the MR fluids samples.
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Table 2. Experimental parameters.

Current Input (A) Temperature (◦C)

0
251

2
0

501
2
0

701
2
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Before the temperature measurement, the tube was placed on the hot plate, and then
the measurement was performed. Therefore, the temperature point at 0 s is the initial
temperature of the tube on the hot plate. Before filling the tube with MR fluids, we ensured
the temperature inside the tube reached the approximate chosen temperatures (25 ◦C,
50 ◦C, 70 ◦C) and was in a stable condition, as shown in Figure 6. In addition, to prevent
any leftover sedimentation, we shook the MR fluids with our hands for around fifteen
minutes. After the temperature was stable, the MR fluid was poured into the measuring
tube until reaching 100 mm to start the experiment.

Many studies have revealed that the most common way to assess the sedimentation
of MR fluids is by visually observing the sedimentation layer [25,37,38]. The height mea-
surement of the sedimentation layer was performed after the surface of carrier fluids was
seen. The measured height then could be used for the calculation of the sedimentation
rate as given in Equation (1). The experiment was performed in a week (168 h) with
observations being made every 24 h. Next, for accurate and precise results, the height of
the sedimentation layer was measured using a digital caliper.

Sedimentation Rate (%) =
Height o f sedimentation layer

Total height o f MR f luids
× 100% (1)
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The rheological properties before and after the sedimentation experiment of MR fluid
samples were also tested and discussed in this study. A rotational parallel-plate rheometer
(MCR302, Anton-Paar, Graz, Austria) that is shown in Figure 7 was used as the testing
instrument to obtain the rheological properties of MR fluids. The instrument was connected
to a magnetorheological device (MRD 170/1T) equipped with a Tesla meter (FH-54) and a
hall probe (HS-TGB5-104010), which can be used to control the current input and generate
the magnetic field up to 0.8 T perpendicular to the MR fluids sample. The rheometer is
also equipped with the temperature control unit (JULABO 600F) comprising a circulator
head and a cooling unit, alongside an electronic proportional temperature controller for
regulating the heat supplied to the liquid. This system is to heat or chill the bath tank’s
liquid. By using this instrument, the temperature-controlled plate can be maintained for
the testing conditions, which are 25 ◦C, 50 ◦C, and 70 ◦C, respectively. In addition, the
current input of 0 A, 1 A, and 2 A were also applied with the shear rates of 0.01 to 1000 s–1.
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3. Results and Discussion
3.1. Sedimentation

In this section, the effect of temperature and current inputs on sedimentation stability
will be discussed. The sedimentation was evaluated over a total time of 168 h (7 days), with
the measurement every 24 h. The experiment was performed under different controlled
temperatures (25 ◦C, 50 ◦C, 70 ◦C) at different current inputs of 0 A, 1 A, and 2 A. The
sedimentation rate results under various temperatures at current inputs of 0 A, 1 A, and
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2 A, are shown in Figure 8. The average sedimentation rate listed in Table 3 is defined as
the mean or typical rate of the settling particles of MR fluids over the total experiment
period. These values can be obtained by calculating the total value of the sedimentation
rate each day and then dividing by the overall duration (7 days). It has been identified
that the average sedimentation rate becomes faster with a higher temperature and lower
current input conditions. The lower sedimentation rate was owned by the sample under
the temperature of 25 ◦C at 2 A. According to the observation results, the settling particles
started after 144 h with a sedimentation rate of 99.8%; then, it ended the next day with
a value of 99.4%. In this case, even though the sedimentation happened faster under the
higher influence of high temperature, the current inputs played a significant role in slowing
the sedimentation process. The higher current input generates a higher magnetic field,
which could strengthen the chain-like structure interaction of the carbonyl iron particles [12].
The sedimentation was unstable and started faster sedimentation at a temperature of 50 ◦C.
At the off-state condition, the sedimentation began after 48 h with a sedimentation rate of
99.6% and ended at 96.7%. Meanwhile, the highest sedimentation rate was observed under
the temperature of 70 ◦C at the off-state condition (0 A). It started at 98.8% after 24 h and
dropped to a low of 95.5% after 168 h. The study that was done by A. K. Kariganaur [27],
and Y. Rabbani [28] observed sedimentation stability under the off-state condition, which
also showed that the higher temperature influences sedimentation instability. The possible
reasons for the faster sedimentation at higher temperatures were the viscosity and the
changes of magnetic particles, which could influence their magnetic properties, to be
discussed in Section 3.2.

3.2. Rheological Properties

Rheological properties are the features of MR fluids that represent their characteristics
under exposure to the magnetic field. In this study, the results include the rheological prop-
erties of the MR fluids before and after the sedimentation experiment. Before conducting the
rheometer test, both samples of MR fluids before and after the sedimentation experiment
were shaken to obtain suitable samples for testing. The obtained rheological properties
(viscosity, shear stress, yield stress) before and after the sedimentation experiment are mea-
sured, respectively. To increase readability, the results before the sedimentation experiment
are shown as the initial state, while the results after the sedimentation experiment are
shown as the sedimentation state. Figure 9 shows the relationship between viscosity and
shear rate before and after the sedimentation experiment under the different temperatures
(25 ◦C, 50 ◦C, 70 ◦C) and current inputs (0 A, 1 A, 2 A). In both off-state and on-state testing
parameters, the MR fluids’ viscosity decreased as the shear rate increased. This is known
as the shear thinning behavior [39]. Furthermore, the increase of the current input affected
the generated magnetic field, which increased the MR fluids’ viscosity. The greater the
magnetic field applied to the MR fluids resulted the greater the induction of the magnetic
particles. This causes a higher attractive force between the magnetic particles. During this
condition, the magnetic particles cannot move freely, creating a chain-like structure that can
increase the viscosity [40–42]. Meanwhile, as the temperature rose, the viscosity declined, as
also reported in a previous study [28]. It was discovered that the viscosity of MR fluid was
influenced by the viscosity of the carrier fluid. As the temperature increased, the viscosity
of the carrier fluid decreased. Furthermore, the carrier fluid with higher viscosity showed a
greater sensitivity to temperature changes [43]. The decreased value in viscosity may cause
the reduction of the resistance to particle movement. Then, the particle settlement will be
faster because the fluid offers less resistance to the movement of iron particles through
it. This is one of the factors that influence the instability of sedimentation. The viscosity
after the sedimentation experiment under both off-state and on-state conditions became
lower than before the sedimentation experiment. This is likely because of the significant
molecular spacing. When the MR fluids were subjected to the controlled temperature for
a long time, it disrupted the arrangement of iron particles within the fluids, causing an
increase in kinetic energy between them. This resulted in greater spacing between iron
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particles, reducing internal friction and consequently lowering the viscosity of the MR
fluids [44].
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Table 3. The average sedimentation rate.

Temperature
T (◦C)

Current Input
I (A)

Average Sedimentation Rate
(%)

0 98.93
25 1 99.57

2 99.89
0 98.33

50 1 98.81
2 99.63
0 97.54

70 1 98.17
2 98.36

On the other hand, the shear stress plays a crucial role in determining the performance
of MR fluids. A higher shear stress value implies that the MR fluids require a lower
magnetic field strength to control MR characteristics. A lower magnetic field for MR
application may decrease the required electrical energy. Figure 10 depicts the results of the
relationship between shear stress and shear rate under the different temperatures (25 ◦C,
50 ◦C, 70 ◦C) at various current inputs (0 A, 1 A, 2 A). It can be seen in Figure 10a that under
off-state conditions, as the shear rate increases, the shear stress rises almost linearly, which
is known as Newtonian fluids [45]. Meanwhile, under the on-state condition (Figure 10b,c),
the shear stress showed a higher value than the off-state condition. When the higher
current input was applied, the generated magnetic field increased. This is attributed to the
formation of chain-like structures exhibiting Bingham plastic behavior [46]. Regarding the
effect of the temperature, the shear stress of the MR fluids decreased as the temperature
increased. As expected, it is obvious that the MR fluids after the sedimentation experiment
had a lower shear stress compared to the shear stress values before the sedimentation
experiment. This was because the viscosity of the MR fluids declined under the long-term
influence of high temperatures that affected the shear stress [47]. Furthermore, the changes
in the hydrodynamic force following the Navier–Stokes law might have contributed to the
decrement of shear stress [29].

3.3. Actuating Properties

It is well known that the field-dependent yield stress directly relates to the actuating
force of the semi-active MR actuator. Yield stress represents the threshold that must be
exceeded to initiate flow in MR fluids. It is the most important property of MR fluids
that determines their transition from a solid-like to a liquid-like state [48]. Even though
the maximum yield stress could be achieved at the higher current input, the yield stress
certainly declined as the higher temperature following the after-sedimentation experiment
had lower yield stress values. When the yield stress has a low value, MR fluids start flowing
easily, which reduces their controllable and tunable ability. Consequently, it would degrade
the performance of the MR fluid applications such as MR damper, MR brake, and MR
clutch, which require a high and tunable yield stress [49,50]. An MR damper was selected
as a target actuator [51] for further analysis of the actuating performance of the MR fluids
on initial and sedimentation states. The configuration of the MR damper includes a piston,
cylinder, and gas chamber, which can be seen in Figure 11. Mathematical modeling was
done using the parameters listed in Table 4. There are upper and lower chambers that are
divided by the piston and the MR fluids flow inside the chamber through the annular duct.
The cylinder is filled with MR fluids, while the gas chamber is filled with nitrogen gas. The
magnetic circuit at the top and bottom of the annular duct controls the yield stress value of
MR fluids.
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Table 4. Parameters of MR damper.

Parameter Description Value Unit

Ld Effective pole length 50 mm
L Length of the annular duct 150 mm
rp Radius of piston 28.2 mm
rs Radius of piston shaft 20.34 mm
b Duct width 174 mm
c Coefficient of the flow velocity 2.07
h Gap of annular duct 1 mm

The damping force (Fd ) of MR damper can be presented as given in Equation (2) [52].
Without the magnetic influence (off-state condition), the damping force is generated from
the fluid viscous resistance of the MR damper. Meanwhile, under the magnetic field
influence (on-state condition), the damping force has an additional value because of the
existing yield stress. In other words, the generated damping force can be tuned based on
the intensity of the magnetic field. The gas force

(
Fgas

)
due to the accumulator and friction

forces
(

Ff riction

)
within the MR damper can be obtained through experiments. However,

it is usually omitted in formal calculations for simplification purposes.

Fd = ce
.
xp + FMR + Fgas + Ff riction (2)

In the above, the effective damping coefficient can be obtained by

ce =
(

Ap − As

)2Re (3)

where
.
xp is the velocity of the piston, Ap is the area of the piston, As is the area of the piston

shaft, while fluid resistance (Re) can be defined as

Re =
12ηL
bh3 (4)

where η is the viscosity of MR fluids, L is the length of the annular duct, b is duct width, and
h is the gap of the annular duct. Meanwhile, FMR can be obtained using the Equation (3) as
written below

FMR = c
Ld
h
(Ap − As)τysgn(

.
xp) (5)

where c is the flow function coefficient, Ld is the effective pole length, h is the length of the
orifice,

.
xp is the velocity of piston, sgn(·) is a signum function, and τy is the yield stress

at a certain magnetic flux density. The yield stress value was obtained by extrapolating
the shear stress curve when the shear rate is zero [53,54], or by describing the shear
stress according to a rheological model obtained from the rheometer test [55]. After all,
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the most widely used model is the Bingham-plastic model for viscoplastic flow. Based on
the Bingham-plastic model, the shear stress is expressed as

τ = τy + ηp
.
γ,

.
γ > 1 (6)

where τ is shear stress, τy is yield stress under magnetic field influence, ηp is viscosity
defined as the gradient of the shear stress versus shear rate graph at elevated shear rates,
and

.
γ is shear rate [28,56]. The obtained yield stress value of the initial and sedimentation

states of MR fluids are depicted in Figure 12 and listed in Tables 5 and 6. It shows that
current input and temperature have a significant role in obtaining the maximum yield
stress. A similar finding was reported by Y. Rabbani et al., which showed a decrement
in yield stress value at a higher temperature [28]. Furthermore, the yield stress of the
initial state showed a higher value than the sedimentation state. Based on Figure 11, the
yield stress showed nearly zero for all temperature conditions under the off-state condition
(0 A) as the Bingham model, where the yield stress approaches zero as the magnetic field
approaches zero. Meanwhile, at 70 ◦C, the yield stress under the on-state condition (2 A)
declined from 2.747 kPa (initial state) to 2.352 kPa (sedimentation state).
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Table 6. The obtained viscosity, shear stress, and yield stress of the sedimentation state.

Temperature
T

(◦C)

Current Input
I

(A)

Viscosity
ηp

(kPa·s)

Shear Stress
τ

(kPa)

Yield Stress
τy

(kPa)

25
0 0.069 0.000694 0.004
1 123.7 1.237 1.486
2 399.05 3.9893 4.349

50
0 0.0397 0.000397 0.0038
1 102.34 1.024 1.321
2 349.5 3.493 3.094

70
0 0.041 0.00014 0.0015
1 14.24 1.421 1.021
2 255.39 2.553 2.352

Using Equation (2), the damping force was calculated. Figure 13 shows the dynamic
range of the MR damper. The dynamic range of the MR damper plays a significant role
in determining the extent to which MR fluids’ rheological properties can be adjusted and
controlled, allowing it to transition from a free-flowing liquid to a semi-solid state that
enables precise control over damping performance. It is defined using the F-V plot as
the area between the MR fluids’ maximum yield stress when subjected to the strongest
magnetic field (2 A) and their minimum yield stress when there is no magnetic influence
(0 A). A higher dynamic range indicates greater control over the MR fluids’ behavior,
allowing a wide tunable range for MR applications. It is clearly seen that the damping
force of the sedimentation state showed a degradation performance compared to the initial
state under a higher temperature, indicated by the lower tunable range of the field-induced
damping force. The widest tunable range was shown on the results of the initial state
under the temperature of 25 ◦C. Meanwhile, the lowest tunable range of damping force
was shown on the sedimentation state under the temperature of 70 ◦C. Furthermore, it
is known that to achieve both optimal ride comfort and road holding, a high damping
coefficient is needed at low-stroke velocities, whereas a low damping coefficient is needed
at high-stroke velocities. A slope breaking point can be determined to identify the changes
in damping characteristics [57]. In this study, the lowest velocity of 0.005 m/s was chosen
to determine this point. Based on the results, the slope breaking point was 751.16 N for
the initial state under a temperature of 25 ◦C at a current input of 2 A. However, the slope
breaking point decreased to 547.83 N for the sedimentation state under a temperature of
25 ◦C at a current input of 2 A. The reduction in the slope breaking point was also seen
in the other experimental temperatures of 50 ◦C and 70 ◦C at a current input of 2 A after
sedimentation, as shown in Table 7. Overall, it can be noted that the sedimentation of
MR fluids after being subjected to the long-term influence of temperature and magnetic
field degraded the actuating properties of MR fluids. The possible reason is because of the
declining value of their rheological properties (viscosity, shear stress, and yield stress) that
were discussed in previous Section 3.2. A previous experimental study using MR damper
by N.L. Wilson et al. [58] also reported a similar tendency regarding the temperature effect
on the damping performance up to 37% at the current input of 2.5 A under the temperature
of 100 ◦C without considering the sedimentation.
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Table 7. Slope breaking point.

Current Input (A) Temperature (◦C) Condition Damping Force (N)

2

25
Initial State 751.16

Sedimentation State 547.83

50
Initial State 498.34

Sedimentation State 392.15

70
Initial State 349.09

Sedimentation State 300.09

4. Conclusions

This work conducted an experimental study using a multi-guide-arm magnetic device
that generated a uniform magnetic field throughout the MR fluid. This method was used to
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observe the sedimentation stability of MR fluids under the different controlled temperatures
(25, 50, 70 ◦C) for a long-term period with the applied current inputs of 0, 1, 2 A. The findings
revealed that experimental parameters of lower temperature (25 ◦C) and higher current
input (2 A) resulted in the highest sedimentation rate, indicating the slowest sedimentation,
with an average rate of 99.89%. Meanwhile, the lowest sedimentation rate achieved
was 97.54% under off-state conditions (0 A) at a temperature of 70 ◦C. The decrease in
viscosity after the influence of high temperature is believed to be the cause of sedimentation
increment of MR fluids. This study also investigated the rheological properties (viscosity,
shear stress, yield stress) of the MR fluids before and after the sedimentation experiment.
When the temperature was increased, the measured rheological properties decreased
drastically for the MR fluid samples before the sedimentation experiment. Additionally,
according to the results, the rheological properties experienced a significant decline after
the sedimentation experiment following the increase in temperature. Nevertheless, the
maximum yield stress could be achieved after the application of the highest current input.
In order to validate the actuating performance of the MR fluids, the damping force of an
MR damper was calculated. The results showed that the actuating properties of MR fluids
declined significantly after the sedimentation experiment, which related to the long-term
effects of temperature and magnetic fields. This is most likely caused by the degradation of
the rheological properties (viscosity, shear stress, yield stress) of MR fluids.

In conclusion, it was proven that even though the current input (magnetic field) could
slow the sedimentation of MR fluids, the long-term high temperatures undoubtedly led to
the fast sedimentation and the degradation of their rheological properties of MR fluids. It
is finally noted that the sedimentation problem of magnetic particles should be resolved by
considering both the temperature increment due to a long-term operation as well as the
magnitude of the flux density to achieve the required actuating force of the semi-active
actuator, magnetorheological fluids.
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