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Magnetorheological fluids (MRFs) are a category of functional materials that exhibit magneto-mechanical
coupling. These materials exhibit a reversible and instantaneous change from a free-flowing Newtonian
fluid to a semi-solid state upon application of a magnetic field. In contrast to ordinary fluids, MRFs can
tolerate shear stresses up to a yield value in the presence of a magnetic field. The yield stress strongly
depends on intensity of the applied magnetic field and volume fraction of magnetic particles. As the yield
stress is the most important parameter of an MRF and must be considered in the design of MR devices, in
this work, effects of magnetic field and volume fraction of particles are investigated both experimentally
and theoretically. MRF samples with the same carrier fluid but different particle concentrations are ana-
lyzed, and an empirical model is proposed for the yield stress of MRFs that covers a wide field strength
range and also captures magnetic saturation of the MR fluids. Though the model is mathematically sim-
ple, it also includes the effect of particle concentration such that once calibrated, it can be utilized for dif-
ferent particle concentrations as well. Moreover, a modified form of the magnetic dipole model is
proposed to model the yield stress of MRFs where an exponential distribution function is utilized to
describe the arrangement of particle chains in the presence of a magnetic field. It is shown that, though
the model has a simple mathematical formulation, it leads to a reasonable distribution of chains com-
pared to previous similar models.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Magnetorheological fluids (MRFs) are a category of functional
materials that exhibit magneto-mechanical coupling. This means
that, a magnetic stimulation can change their mechanical proper-
ties. The inverse action may also be possible however, it is not as
interesting as the direct coupling (Bastola and Hossain, 2020;
Akbari and Khajehsaeid, 2021). An MRF is a suspension of ferro-
magnetic microparticles in a nonmagnetic carrier fluid. Most MRFs
include some additives as well mainly to prevent agglomeration
and sedimentation of particles. These materials exhibit a reversible
and instantaneous change from a free-flowing Newtonian fluid to a
semi-solid state upon application of a magnetic field where the
randomly dispersed magnetic particles get mutually attracted
and rearranged to form chains with the tendency to be aligned in
direction of the field as shown in Fig. 1.

In the presence of a magnetic field, due to the chains’ resistance
against flow, MRFs can tolerate shear stress until a threshold value.
This threshold is called the yield stress of MR fluid. Yield stress
strongly depends on strength of the applied magnetic field. Beyond
the yield, the chains collapse however, the mutual attraction of
particles can still significantly increase the viscosity compared
with the zero-field (off-state) condition (Guerrero-Sanchez et al.,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2022.117699&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ces.2022.117699
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Hesam.khajehsaeid@warwick.ac.uk
https://doi.org/10.1016/j.ces.2022.117699
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces


Fig. 1. Schematic of an MRF in off-state (left), and on-state (right).
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2007). The off-state viscosity and yield stress are the most impor-
tant characteristics of an MRF. Changes in viscosity are reversible
for MRFs and occur in a few milliseconds (Chiolerio and Science,
2017; Ghaffari et al., 2015). Consequently, the intensity of the
applied field can be assumed as the controlling parameter to adjust
both yield stress and viscosity of MRFs. There are a few parameters
which play role in these properties; type, size, geometry and vol-
ume/weight fraction of magnetic particles, viscosity of carrier liq-
uid as well as additives (Chiriac and Stoian, 2010; Leung et al.,
2004; Ashtiani and Hashemabadi, 2015; Lee et al., 2019).

MRFs have received increasing interest in the recent decades for
applications like shock absorbers, vibration control, and active/
semi-active suspension systems (Khajehsaeid et al., 2019;
Asadallahzadeh and Khajehsaeid, 2019; Fadaiepour et al., 2018).
Smart suspension systems make use of MRFs to adapt vehicles to
road conditions. This is facilitated by controlling the applied field
to adjust the desired mechanical properties of the system (Oh
and Choi, 2019; Sun et al., 2019; Yoon et al., 2021; Deng et al.,
2019).

Several works have been devoted to modelling the constitutive
behavior of MRFs (Bingham, 1922; Casson, 1959; Herschel and
Bulkley, 1926). An important part of the MRF models is the method
of calculation used for yield stress. Researchers have followed both
micromechanical and empirical approaches to do so. Tang and
Conrad used the concept of anisotropic magnetization and the
Maxwell stress tensor to determine the static yield stress (Tang
and Conrad, 2000). Though their method was based on physical
assumptions, it was still too complicated to be applied in the prac-
tical problems. Ginder and Davis took the concept of the mutual
attractions of magnetic particles in the chain structures. They used
both analytical (Ginder and Davis, 1994) and finite element solu-
tions (Ginder, 1998) to predict the yield stress as a function of
applied magnetic field.

Guo et al. (Guo et al., 2014) employed the simple dipole model
(SDM) to determine the yield shear stress of MRFs. This model
assumes that the particles are much smaller than the inter-
particle distances. They introduced an exponential probability dis-
tribution function (PDF) to realize the distribution of particle
chains with respect to the direction of the field (Fig. 2). It allowed
them to obtain an explicit equation for the yield stress in terms of
magnetic flux density, particles size and volume fraction. However,
Fig. 2. Pre-yield chains deformation under an external magnetic field and a shear
stress.
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their model predicts that even at a very low magnetic field almost
all chains are aligned with the field. There are a few similar works
in the literature as well. For example, Li and Peng (Li et al., 2005)
employed the normal probability distribution function to describe
the orientation of particle chains with respect to the magnetic field.
They also proposed a micro–macro model for the magneto-
mechanical behavior of MRFs (Peng and Li, 2007). They used a sta-
tistical approach to analyze aggregation of particles as magnetic
dipoles forming chains and its contribution to resistance against
flow. They assumed normal PDF to describe the orientation of par-
ticle chains and investigated the effect of important parameters on
the behavior of MRFs.

Yi et al. (Yi et al., 2010) investigated the same problem dropping
out the assumption of small particles compared with the inter-
particle distances. However, they assumed that the chains are far
enough from each other so that the interaction between particles
from different chains is negligible. They called it the exact dipole
model (EDM). Contribution of a single chain into the shear resis-
tance of an MRF are shown schematically in Fig. 3 both for SDM
and EDM. At a small h, though the magnetic attraction force
between particles may be very large, the shear component is small.
When h increases, the shear component of the magnetic force
increases as well until it reaches a maximum. However, for a large
h the shear component decreases sharply as the inter-particle dis-
tances have increased due to the deformation.

Zhao et al. considered the supplementary magnetization of
dipoles induced by the neighboring ones (which is often
neglected), in addition to the magnetization by the applied mag-
netic field (Zhao et al., 2012). They showed that the results of their
Enhanced Model (EM) are close to the SDM rather than the EDM.
They justified that, as the approximation of particles as magnetic
dipoles may enhance the effect of magnetization, the inherent
assumption of the SDM partly reduces this enhancement. However,
as in the EDM this assumption has been removed, the enhance-
ment of the dipole model is not compensated.

In this study, MRF samples with a range of particle volume frac-
tion are tested through flow ramp analysis to evaluate the effects
Fig. 3. Schematic of a single chain’s resistance against flow as a function of its
orientation.
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of both magnetic field strength and volume fraction of particles on
their yield stress. A nonlinear empirical model is proposed to
describe the yield stress in terms of the above parameters. Mathe-
matical simplicity, coverage of the whole magnetic field range as
well as magnetic saturation of MRFs are sought as the important
parameters for the model. The results are compared with the linear
and power laws which are widely used in the literature. Moreover,
a modified magnetic dipole model is proposed in conjunction with
an exponential probability distribution function to describe the
particle chains arrangement under the effect of magnetic field
and shear stress.

2. Mechanical modeling of the yield stress

2.1. Background

Several researchers have attempted to determine dependency
of MRFs’ yield stress on the effective parameters. A number of
models have also been proposed however, there is no accurate
and reliable correlation that can be used to predict the yield stress
of a wide range of MRFs. The effect of magnetic field has received
more interest in comparison with other governing parameters.
Though a quadratic relation with the magnetic field is proposed
in a majority of studies, some experimental observations do not
approve this. For example, Claracq et al. investigated the mechan-
ical properties of MRFs at a wide range of magnetic field strength
(Claracq et al., 2004). Their experimental work was conducted at
low shear rates but included a 5%-30% volume fraction of particles.
They came up with a power law, with exponent 1.5:

sy /
ffiffiffiffiffiffi
H3

p
ð1Þ

Where sy is the yield shear stress and H is the strength of the
applied magnetic field. Vereda et al. followed the concept of parti-
cle magnetization MP . Their measurements on magnetization of
suspensions showed that, MP can be used to scale the yield stress
at low particle concentrations (Vereda et al., 2011). They proposed
the below relation:

sy ¼ 2:19� 10�3 / hMPi2 ð2Þ
where / is the volume fraction of particles. Chin et al. also came up
with a linear relationship between volume fraction of the carbonyl-
iron particles (CIP) and yield stress for dilute MRFs (/ < 20%). How-
ever, they emphasized that the yield stress grows faster at higher
volume fractions of CIP (Chin et al., 2001). Similar to (Claracq
et al., 2004), their experimental observations in terms of the field
dependency resulted in the below relation:

sy / / M
1
2
sB

3
2 ð3Þ

where the magnetic induction B is defined as B ¼ l0ðH þMsÞ. In
general, most investigations have resulted in power law relations.
One can refer to (Bossis et al., 2002; de Vicente et al., 2011) among
others:

sy / /nHm ð4Þ
Most studies propose a linear relationship with the particle vol-

ume fraction n ¼ 1. However, as the magnetic particles may have a
nonlinear magnetization, different exponents (m) are proposed for
low, intermediate, and high magnetic fields.m ¼ 2 is used for a lin-
ear magnetic material at low magnetic fields while for intermedi-
ate fieldsm ¼ 3=2 has been shown to work better in several works.
The smaller value of m may be due to saturation of particles at
intermediate fields. When the saturation magnetization is
achieved, the yield stress no longer varies with the applied filed
(m ¼ 0).
3

A reliable relation for the yield stress can be used along with a
constitutive relation to model the mechanical behavior of MRFs.
There are a few constitutive models in the literature, among them
the Bingham model is the most well-known and widely used one
(Bingham, 1922):
s > sy : s ¼ sy þ gp _c
s < sy : _c ¼ 0 ð5Þ

In Eq. (5), s is the shear stress, g is viscosity of the fluid and _c is
the shear rate. According to (5), shear stress s splits into a yield
stress sy and a Newtonian term; multiplication of the high shear
rate viscosity gp and the shear rate _c. The fundamental assumption
of the Bingham model is that the flow curve is simply shifted by sy
due to the presence of a magnetic field. In other words, when the
applied shear stress is larger than the yield stress ðs > syÞ, the
material flows with a post-yield viscosity, gp. When the shear
stress is equal to or less than the yield stress, ðs � syÞ, the material
behaves like a solid with no remarkable flow. This model assumes
that the shear rate does not have any effect on the post-yield vis-
cosity. Other models like Casson (Casson, 1959) and Herschel-
Bulkley (Herschel and Bulkley, 1926) have also been proposed as
shown in (6) and (7), respectively. All these models preserve the
above fundamental assumption and mainly try to replace the New-
tonian term by a nonlinear term to get better fits of experimental
data.
s > sy :
ffiffiffi
s

p ¼ ffiffiffiffiffi
sc

p þ
ffiffiffiffiffiffiffiffi
gc

_c
q

s < sy : _c ¼ 0 ð6Þ
s > sy : s ¼ sH þ k

_cns < sy : _c ¼ 0 ð7Þ
The coefficients sc , gc , sH , k and n vary with magnetic field

intensity so the above models need to be calibrated at the particu-
lar field intensity that they are aimed to be utilized (Gabriel and
Laun, 2009). Another nonlinear constitutive model has recently
been proposed which possesses remarkable features in predicting
the mechanical behavior of MRFs (Asiaban et al., 2020). It has been
shown that the predictions of this model are in better correlation
with the experimental data compared with the other above-
mentioned models. The model is represented as follows:
s ¼ a1 _c þ a2Bþ a3B lnð1þ _cÞ ð8Þ
Where a1, a2 and a3 are the model parameters. a1 is the off-state

viscosity of the MRF (viscosity of the fluid in absence of magnetic
field) which can be determined from the off-state flow curve (shear
stress vs. shear rate at zero field). It is assumed that, MRFs behave
almost like Newtonian fluids in the off-state. The second term indi-
cates the dynamic yield stress and the third term corresponds to
the shear thinning of MRFs at high shear rates under external mag-
netic field, thus a2 and a3 can be determined simultaneously from
an arbitrary on-state flow curve (Asiaban et al., 2020). It is
observed that, in contrast to (Vereda et al., 2011; Chin et al.,
2001), the above model suggests a linear relationship between
the yield stress and magnetic field.

In the following, the yield stress of MRFs will be investigated
thoroughly to derive an accurate relation between the yield stress
and the main influencing parameters, i.e., magnetic field intensity
and concentration of particles. Such a relation is required to be
used in conjunction with an appropriate constitutive model to pro-
vide a reliable mechanical model for MRFs.
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2.2. Experimental investigations and mathematical modelling

In the present study, to investigate the yield stress of CIP-based
MRFs more precisely, 4 MRF samples have been thoroughly tested
in the shear-rate range of 0.001–1000 1/s over a wide range of
magnetic field intensity. The combinations were originally devel-
oped by Asiaban et al. (Asiaban et al., 2020). They studied
magneto-rheology of MRF samples made of synthetic engine oil
as the carrier liquid and carbonyl iron powder as the magnetic par-
ticle. In this work, 4 samples called D, E, F and G (according to
(Asiaban et al., 2020) among the others are examined in terms of
the yield stress dependency on the magnetic field and the volume
fraction of particles. The samples are made with low (D), moderate
(E and F), and high (G) particle weight fractions to cover a rather
wide range of CIP content. Regarding the range of viscosity of the
samples, the flow ramp test has been employed here to determine
yield stresses of the samples. The tests were carried out by means
of a parallel plate Anton Paar MCR302 rheometer equipped with
MRD180 magnetic accessory. The particle weight and volume frac-
tions of the studied samples are shown in Table 1 where the rela-
tion between volume and weight fraction is obtained as:

/ ¼
uqC

qP

1�uþuqC
qP

ð9Þ

Where qC , qP andu are the carrier fluid’s density, particles’ den-
sity, and the weight fraction of particles, respectively.

The calculated yield stresses are shown in Fig. 4 in comparison
with the linear and power laws mentioned in (8) and (1), respec-
tively. The test results follow the same trend as reported in
(Yang et al., 2019). The figure shows that, the yield stresses
increase by both the flux density and the CIP weight/volume frac-
tion. It is also observed that, the linear approximation is more
accurate than the power law for these samples. Only for the sample
G, the power law is comparable with the linear relation in terms of
accuracy. This implies that, the utilized power law is only suitable
for MRF samples with high CIP volume fraction. For lower CIP con-
tents, the linear approximation works better though like the power
law it cannot capture magnetic saturation of the MRFs. It is con-
cluded that, the dependency on the magnetic field cannot be
described by a single power law as the rate increases first and then
decreases as the material approaches its magnetic saturation level.
This means that, different power laws will be required for low,
moderate, and high field strengths. As mentioned earlier, power
laws cannot describe the magnetic saturation, in particular that
the saturation level is higher for samples with higher particle con-
tent. Therefore, in the present work, a new empirical model is pro-
posed for the yield stress of MRFs that covers a wide field range
and also reflects saturation of the MR fluids at high field intensities.
Such a model must include both the effect of particle concentration
and the field strength:

sy ¼ Asinh�1ð B
Bsat

Þ
2

ð10Þ

Where A and Bsat are model parameters that depend on the vol-
ume fraction of particles. The model predictions are shown in Fig. 5
in comparison to the experimental results. It is observed that the
proposed relation well captures variation of the yield stresses with
the magnetic flux density. The model is also capable to reflect the
magnetic saturation of the samples though it occurs at different
field intensities for samples with different particle volume fraction.
Table 1
Particle weight and volume fractions of the samples.

D E F G

CIP Weight % 40 53 65 75
CIP Volume% 6.7 10.8 16.6 24.4

4

The obtained parameters are shown in Fig. 6 in terms of the vol-
ume fraction of CIP. It is observed that, variation of A can be
approximated by a quadratic function with respect to /. To be
more precise, A is exhibiting a saturating nature with respect to
/, too however, in the present work for the sake of simplicity a
quadratic form has been used which works satisfactorily in the
studied range. On the other hand, Bsat exhibits an increasing but
saturating variation by increase of / meaning that, the MRF is
approaching its saturation level of CIP content. The below relations
are proposed for the parameters introduced in (10):

A /ð Þ ¼ a/2; Bsat /ð Þ ¼ sinh�1 2/
/sat

� �
ð11Þ

Where a and /sat are material parameters. /sat is the saturation
volume fraction of CIP which theoretically refers to 100% weight
and volume fraction. However, in the reality due to the large differ-
ence in densities of magnetic particles and carrier fluids, as the
weight fraction increases, the volume fraction is still far lower.
For example, in the case of the samples studied here, as the weight
fraction goes beyond 85%, the volume fraction is still around 30%.
Thus, /sat depends on the relative density of the particles and the
carrier fluid. The model parameters are reported in Table 2.

In the following, the obtained results will be examined by
means of micromechanical approaches to obtain a reasonable
description for the arrangement of the particle chains in the pres-
ence of an external magnetic field.

2.3. Micromechanical approach: A modified magnetic dipole model

As discussed in Section 1, several researchers have employed
the magnetic dipole model to determine the yield stress of MRFs.
In these models, a variety of probability distribution functions have
also been utilized to describe the arrangement of particle chains
with respect to the direction of the field. Some works have utilized
the simple dipole model (SDM) which assumes that the particles
are very smaller than the distance between particles however, this
may not be true for intense MRFs. On the other hand, Yi et al. pro-
posed a model called exact dipole model (EDM) which does not
need this assumption (Yi et al., 2010). Such micromechanical mod-
els investigate the mutual attractions between the magnetized
particles in an MRF and first try to formulate the contribution of
a single chain to the resistance of MRF against shear flow. The sim-
ple dipole model results in:

Tsch ¼
Xn�1

k¼1

4l0pr6v2H2

3D4 5cos2h� 1
� �

cos4h sinh ð12Þ

where Tsch is the contribution of a single chain into MRF’s yield
stress. In (12), l0, v, H, r, h and D are the vacuum permeability, par-
ticle’s magnetic susceptibility, field strength, radius of particles, ori-
entation of the chain with respect to the magnetic field, and
particle’s center-to-center distance, respectively. n shows the num-
ber of particles on a single chain. However, according to the exact
dipole model, the contribution of a single chain has been formu-
lated as:

Tsch ¼
Xn�1

k¼1

2Ekl0pr5v2H2

3
cos4h sinh ð13Þ

Where

Ek ¼
Xn
i¼0

� k2 2rþ2tþ dð Þ2 þ ð�1Þikr 2rþ2tþ dð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½k2 2rþ 2tþ dð Þ2 þ r2cos2hþ ð�1Þi2kr 2rþ 2tþ dð Þcos2h�5

q
ð14Þ



Fig. 4. Linear and power laws in comparison with the experimental yield stresses for: left) samples D and E, right) samples F and G.

Fig. 5. Yield stresses of the MRF samples; comparison of the model results with the
experimental data.
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In (14), t and d correspond to thickness of the non-magnetic
coating and inter-particle distance, respectively. As discussed in
section 1, the enhanced finite element simulations show that the
Fig. 6. Variation of the model paramete

5

SDM results in more accurate predictions rather than the EDM
despite its inherent simplifying assumption (Zhao et al., 2012).
Therefore, one may be able to employ an appropriate PDF along
with (12) to predict the shear yield stress of MRFs by a rather sim-
ple micromechanical model. In this work, an exponential PDF is
employed to describe the distribution of particle chains with
respect to the direction of applied field:

P hð Þ ¼ ke�kh where k ¼ kð/;BÞ ð15Þ

Where k is the rate parameter of the exponential PDF. Some dis-
tributions according to the exponential PDF are shown in Fig. 7 for
different values of k. It is observed that, a small k corresponds to
rather random distribution of chains while a higher k shows that,
most chains are aligned with the applied magnetic field.

The overall yield shear stress can be formulated as sy ¼ s0 þ scy
in which s0 is the yield stress of the MRF in the absence of external
magnetic field and scy is the overall contribution of the particle
chains. Substituting D ¼ kd and B ¼ l0 1þ vð ÞH in (12), we have:

Tsch ¼
Xn�1

k¼1

4pr6v2B2

3l0k
4 1þ vð Þ2d4

5cos2h� 1
� �

cos4h sinh ð16Þ
rs with the volume fraction of CIP.



Table 2
Model parameters for the samples.

a (kPa) /sat

163.7 0.3

Fig. 7. The exponential PDF with different rate parameters.

Fig. 8. The rate parameter of exponential PDF calculated for the MRF samples.
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According to Fig. 2, the number of particle chains in the control
volume DV ¼ d� 1� 1 should be determined in order to calculate
the overall chains contribution to the MRF yield stress. The number
of chains N can be calculated by means of the volume fraction of
particles:

N ¼ 3d/
4pr3

ð17Þ

Substituting (17) into (16), assuming d � 2r and using the prob-
ability distribution function (15) for the particle chains, we have:

scy ¼
Xn�1

k¼1

/v2B2

8l0k
4 1þ vð Þ2

Z p
2

�p
2

5cos2h� 1
� �

cos4h sinh ke�khdh ð18Þ

Eq. (18) can be used to determine the distribution of particle
chains at different magnetic flux densities. Yield stress values
obtained from experimental investigations have been used here
to determine the rate parameter in (18). The results are shown in
Fig. 8 where the values of k show that, the chains are almost ran-
domly oriented in the off-state (see Fig. 7 as well) as well as in a
weak magnetic field however, they becomemore and more aligned
with the applied magnetic field as the field intensity increases.
Moreover, MRFs with higher particle content need higher field
intensity to get the chains aligned with the field. The results con-
trast with those obtained in (Guo et al., 2014) where k was deter-
mined in the range of a few thousands. Such high values of k imply
that almost all the chains are aligned with the magnetic field even
in the off-state as well as for very weak fields which is obviously
not true.

According to Fig. 8, it can be concluded that the modified mag-
netic dipole model combined with the exponential PDF is a useful
method to determine the chains distribution in an MRF as well as
the yield stress of MRFs.

3. Summary and conclusions

In this work, effects of magnetic field and volume fraction of
particles on the yield stress of MRFs were investigated both exper-
imentally and theoretically. This was due to the crucial importance
of the yield stress in evaluation of MRFs as well as design of MR
6

devices. MRF samples with the same carrier fluid but different
CIP volume fractions were analyzed through flow ramp tests to
determine their yield stresses. A nonlinear model was proposed
for the yield stress of MRFs where mathematical simplicity, cover-
age of the whole magnetic field range as well as magnetic satura-
tion of MRFs were particularly sought as the important
characteristics for the model. The proposed model includes only
two material parameters, covers a wide field strength range and
also captures magnetic saturation of the MR fluids at high field
intensities. The model also includes the effect of particle volume
fraction so that once calibrated, it can be utilized for different par-
ticle concentrations as well.

Moreover, a modified form of the magnetic dipole model was
proposed for the yield stress of MRFs where an exponential distri-
bution function was utilized to describe the arrangement of parti-
cle chains in the presence of magnetic field. As the model leads to a
reasonable distribution of chains, it was concluded that it can be a
useful tool in predicting MRFs yield stress or chains arrangement at
the presence of external magnetic field.

Yield stress is one of the important characteristics which play
role in selection/design of MRFs for a variety of applications. Thus,
it is very useful to know how the yield stress changes with respect
to the applied field and the magnetic particle content. CIP is the
most widely used magnetic particle in MRFs, meaning that the
results of the present work would be applicable to a wide range
of applications that use CIP-based MRFs. On the other hand, for
the control purposes of MR devices (like clutches and dampers),
a relation which predicts the MRF’s yield stress is crucial for com-
putation of the output parameters like torque, force, velocity, etc.
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