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In this paper, hysteresis of magnetorheological (MR) fluids is identified from experimental
tests following the mechanism of rate-independence and further studied to explore the
hysteresis mechanism. The theoretical analysis based on the dipole model is provided
to reveal the hysteresis mechanism of MR fluids. Specifically, the performance tests of
a self-developed double-rod MR damper under different excitations show that instead
of the typical force-velocity plot, the relationship between the force and displacement
meets the requirements of rate-independence of the hysteresis well. A critical concept of
“yield displacement” is defined and analyzed in the force-displacement plot to illustrate
the hysteresis characteristics. In addition, the relationship of the normalized restoring
force vs. strain is derived for a single chain from the dipole model. Then a stress-strain
curve is developed for the multi-chain structure with an assumption of the dynamic
equilibrium between the rupture and reconstruction of the chains. Sequentially, the
hysteresis mechanism is established based on the force-displacement characteristics
under reciprocating excitations. The consistency between the yield displacement in
experiment and vyield strain in theory verifies the effectiveness of the hypothetical
hysteresis mechanism. The analysis results provide a guideline for the structural design of
MR devices to enhance/reduce the hysteresis effect. The hysteresis mechanism-based
further extension for the stress-strain properties of MR elastomers and the response time
of MR fluids are provided as well.

Keywords: hysteresis, magnetorheological (MR) fluids, force-displacement characteristics, yield displacement,
dipole model, yield strain

INTRODUCTION

Magnetorheological (MR) fluids are a smart material with magnetic field-dependent rheological
properties (De Vicente et al.,, 2011). Hysteresis is an inherent property of MR fluids and MR
fluid-based actuators. Such hysteretic non-linearity increases the control complexity of MR
actuators, which in turn limits the MR applications. Understanding the working mechanism of
the hysteresis characteristics of MR fluids is significant for studying the hysteresis characteristics of
MR actuators and implementing high-efficiency control for MR semi-active systems.

At present, the research on MR hysteresis characteristics mainly focuses on the mechanical
properties of MR actuators (Wang and Liao, 2011; Bai et al, 2013, 2015; Sapinski et al,
2017; Yu et al, 2017; Chen et al,, 2018; Shou et al., 2018), such as MR dampers and MR
clutches/brakes. Experimental tests of MR dampers in valve or shear mode show that the hysteresis
only occurs around the direction-change points under sinusoidal displacement excitations
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(Wang and Liao, 2011; Bai et al,, 2015). Coincidentally, the
associated velocities in this area are relatively small, and the
hysteresis displays more distinctly in the force-velocity plot.
However, from a view of rate-independence of hysteresis
(Visintin, 2013; Chen et al, 2018), the experimental results
(Wang and Liao, 2011; Bai et al., 2015; Sapinski et al., 2017;
Yu et al, 2017; Shou et al, 2018) show that the hysteresis
behaviors of MR fluids occur in force-displacement plot while
not in the typical force-velocity plot. The “rate-independence”
concept is defined by the path of the couple [with the input
z(t) and the output F(t) of the system] that is invariant with
respect to any increasing time, i.e., the output is not dependent
on the derivative of the input z (Visintin, 2013). It should be
noted that the hysteresis loops are not regarded as an essential
feature of hysteresis (Visintin, 2013). The rate-independence,
as the critical property of the hysteresis, provides an index
to identify the input/output in any hysteresis phenomenon. In
addition, the modeling analysis of MR fluids operated in squeeze
mode indicates that the hysteresis in squeeze mode cannot
be described by the normal force-velocity plot-based hysteresis
models, but can be well-described by the force-displacement
relation-based model-Bouc-Wen model (Chen et al., 2017a)
and resistor-capacitor (RC) operator-based models (Chen et al.,
2018; Bai et al., 2019). Similarly, as a derivative of MR fluids,
the macroscopic mechanical properties of MR elastomers can
also be modeled by the Bouc-Wen model or RC operator-based
models. It indicates that MR fluids have the similar hysteresis
characteristics to MR elastomers (Behrooz et al., 2014). Based on
the rate-independence property of hysteresis, the macroscopic
mechanical properties of MR actuators are actually a coupling
of Duhem-type hysteresis and viscous properties which is rate-
dependent (Visintin, 2013; Chen et al., 2018).

Compared with the experimental investigations of the
hysteresis characteristics of MR actuators, the research on
its working mechanism is rare to be found. Theoretical and
experimental studies show that the compressibility of MR
fluids and the compressibility of the accumulator (if exists)
can be effectively used to establish the mechanical model of
the hysteresis characteristics of MR dampers in valve mode
(Wang and Gordaninejad, 2007; Guo et al, 2014). However,
the compressibility of MR fluids fails to explain the inherent
hysteresis of MR fluid- and elastomer-based actuators (Weber,
2013; Behrooz et al., 2014) working in shear mode.

Dipole model can be used to theoretically explain the working
mechanism of the controllable mechanical properties of MR
fluids and MR elastomers from the microscopic level. Based on
the simply dipole model, researchers have deduced the enhanced
dipole model considering the magnetic interaction, the local
magnetic field interaction and the magnetic chain interaction in
the whole chain (Jolly et al., 1996; Furst and Gast, 2000; Xu et al.,
2016). A corresponding stress-strain curve is derived under the
assumption that all chains maintain consistent deformation.

The main contribution and work of this paper is to
theoretically analyze the experimental performance of MR
dampers and explain the hysteresis mechanism of MR fluids.
In order to avoid the influence of the compressibility of
the accumulator and viscous damping on the hysteresis

characteristics, a self-developed double-rod MR damper will
be tested under triangle displacement excitations. Applying
normalization method, the expression of hysteresis of MR
fluids in force-displacement plot is studied. Yield displacement
concept is proposed to quantitatively analyze the experimental
results. Theoretically, using the dipole model, under the
assumption of the dynamic equilibrium between the rupture and
reconstruction, the expression of hysteresis of MR fluids via the
stress-strain curve will be derived.

EXPERIMENTAL TESTS OF HYSTERESIS
CHARACTERISTICS OF MR FLUIDS

The hysteresis characteristics of MR fluids are tested on a self-
developed double-rod MR damper (Bai et al., 2013, 2018a,b),
as shown in Figure 1A, using the servo-hydraulic testing
system (Type: LFH-LFV3068, SAGINOMIYA Inc.), as shown
in Figure 1B. Observing Figure 1B, the experimental setup is
composed of the servo-hydraulic testing system, the MR damper,
and a power supply (Type: IT6861A, from ITECH Company).
The servo-hydraulic testing system is integrated with a shaker
actuator driven by a servo-hydraulic system, data acquisition and
processing system with force sensors and displacement sensors,
and a controller (i.e., a host computer, not shown in the figure). In
order to avoid the influence from viscosity characteristics under
different excitation velocities, the mechanical behaviors of the
MR damper are tested under triangle displacement excitations
provided by the servo-hydraulic testing system. The force and
displacement signals are acquired by the data acquisition and
processing system with a sample rate of 1kHz. The geometrical
dimensions and parameters of the self-developed double-rod
MR damper are listed in Table 1. Such specifically developed
double-rod MR damper will effectively eliminate the influence
from the compressibility of the accumulator. As a reference,
the experimental results of a commercial MR damper with an
accumulator are provided in Appendix A.

Figure 2 presents the test results of the MR damper under a
triangle displacement excitation with a frequency of 1Hz and
an amplitude of 25 mm. As shown in the figure, the damping
force of the MR damper changes rapidly and converges to a
stable value in a region where the excitation direction changes
and the excitation velocity is constant. Moreover, the tendency
of the damping forces under different currents shows a good
consistency in this region.

Figure 3 presents the force-displacement plot of the MR
damper under different excitation frequencies to further verify
the rate-independence of the hysteresis characteristics. As
seen from Figure 3, the force-displacement plots also show
a very good consistency. Combining Figures 2, 3, the force-
displacement hysteresis characteristics of the MR damper/fluids
are verified. Such phenomenon of the hysteresis being presented
by the force-displacement plot is also consistent with the pre-
yield and post-yield definitions of the stress-strain curve of
MR fluids (De Vicente et al., 2011). Sequentially, the pre-
yield and post-yield regions are defined in Figures2, 3. As
known, the unavoidable friction for the MR damper shown
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Pistonrod Inner cylinder Piston Magnetic flux line
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Double-rod MR
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FIGURE 1 | The self-developed double-rod MR damper: (A) schematic and (B) experimental setup.

in Figurel also behaves as a kind of Duhem hysteresis.
The macroscopic mechanical characteristics of MR damper
are the coupling of the hysteresis characteristics of the
MR fluids and the hysteresis characteristics of friction. As
seen from Figure2, in field-off state (ie., 0A, where only
the friction shows the hysteresis characteristics), the length
of pre-yield is significantly different from that in field-
on states. It indicates that the hysteresis characteristics of
MR fluids is an important factor for the hysteresis of
the MR damper, while not the friction. In addition, in
Figures 2, 3, the consistence of the pre-yield lengths under
different currents provides a clue for the study of the
hysteresis mechanism.

To study the hysteresis characteristics of MR fluids, a concept
of normalized damping force is defined as

Frj= —H 1

where Fy; is the damping force of the MR damper with current of
I at displacement i when under triangle displacement excitation;
Fpo is the damping force when under forward excitation and
the displacement excitation at position zero; Fy; and Fyo are
the damping force of the MR damper with no current at

displacement i and the damping force of the MR damper with no
current at the position zero, respectively; Fy; is the normalized
damping force.

On one hand, the influence of the friction on the
hysteresis characteristics of the MR damper (ie., Fr; —
Fo,i) can be effectively excluded by using the normalization
concept. On the other hand, it is convenient to study the
commonality of the hysteresis characteristics of MR fluids
with different currents (magnetic fields). Figure 4 presents the
normalized force-displacement plot of the MR damper with
different currents under triangle displacement excitation with
a frequency of 1Hz and an amplitude of 25mm. As seen
from Figure 4, the normalized force-displacement plots under
different currents show a very good consistence. The distance
from the displacement turning point to the convergence point
of the damping force is defined as the yield displacement in
this study. The yield displacements of the MR damper are
nearly equal to each other under different currents, as seen
from Figure 4. The yield displacement increases little with the
increase of the current, due to the compressibility of the MR
fluids. In other words, the compressibility of the MR fluids
is not the essential factor for the hysteresis characteristics of
MR actuators/fluids.
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TABLE 1 | Geometries and parameters of the self-developed double-rod MR
damper.

Specification Value/type
Piston radius 15x 1073 m
Piston-rod radius 5x1073m
Active length of a stage 15x 1073 m
Length of MR fluid flow gap 0.175m

Outer radius of inner cylinder 24.8 x 1073 m
Inner radius of outer cylinder 25.8 x 1073 m
Inductance of electromagnetic 21.9mH

coil windings

Resistance of electromagnetic 6.6 Q2

coil windings

Number of turns of electromagnetic 150

coil winding

Relative roughness of pipe wall 1.6 %1076 m

MRF-G28 (Density = 2,720 kg/m?;
Field-off viscosity at 10s~1 =1.1Pa s;
Operational temperature: —40 to 130°C)

MR fluid (from Chongqing instrument
material research institute)

Damping Force (kN)
o

(=9

Post-yield i‘:’re-yiei

-20 -10 0 10 20
Displacement (mm)

FIGURE 2 | Mechanical behavior of the MR damper with different currents
under triangle displacement excitation with a frequency of 1 Hz and an
amplitude of 25 mm.

THEORETICAL ANALYSIS OF HYSTERESIS
CHARACTERISTICS OF MR FLUIDS

Test results and analysis have shown that the friction is only
a very limited part of the hysteresis characteristics of the MR
damper, and the compressibility of the MR fluids cannot fully
explain the hysteresis characteristics of the MR damper. We will
try to theoretically explain the hysteresis characteristics of MR
damper/fluids via a theoretical perspective with the magnetic
interaction of ferromagnetic particles.

Structural Evolution of Chain Clusters of
MR Fluids

Dipole model can be used to essentially explain the MR effect in
microscopic point. Based on the dipole model, the deformation
of the chains or columns of MR fluids leads to the restoring force

Damping Force (kN)
o

Post-yiel

-20 -10 0 10 20
Displacement (mm)

FIGURE 3 | Mechanical behavior of the MR damper with 1.8 A current under
triangle displacement excitations with different frequencies and an amplitude
of 25 mm.

i ; ——1.8A
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g i ‘ ; ------- 03A
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FIGURE 4 | Normalized force-displacement plot of the MR damper with
different currents under triangle displacement excitation with a frequency of
1Hz and an amplitude of 25 mm.

in the presence of the magnetic field. Further, the expression of
the restoring force between two particles is derived with relation
to the particle distance and the polar angle between the line of
centers and the direction of the magnetic field (Klingenberg et al.,
1990). This model can be applied to analyze the yield stress of MR
fluids in shear mode (Bossis and Lemaire, 1991; Jolly et al., 1996).
Following this idea, modified dipole models that account for
the particle interaction along a single chain have been proposed
(Furst and Gast, 2000; Tao, 2001; Si et al., 2008). In such models,
the chains are assumed to deform in shear mode, Chen et al.
proved that the restoring force would be varied with different
kinds of structural evolution and the deformation of the chains
would be affected by the hydraulic inaction when under valve or
squeeze mode (Chen et al., 2017b).

The deformation of chains in shear mode is the focus of this
study, so the hydraulic interaction is neglected. A schematic of
the deformation of a single chain is presented in Figure 5. With
the magnetic field, the identical spherical particles dispersed in
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the carrier oil align themselves in the direction of the magnetic
field. According to the minimum energy principle, the field
energy would be minimized when d = 2R, where d is the
vertical distance between the centers of the adjacent particles
and R is the radius of the particle. We assume that there is no
relative motion between the particles and the carrier oil, and
then the chain would be stretched and deviates an angle 6 from
the direction of the magnetic field. Meanwhile, the minimum
energy principle would allow a uniform distance between the
two adjacent particles. Under magnetic field, only the interaction
between the two adjacent particles would be considered, and then
the restoring force F! induced by the deformation of a chain can
be calculated by taking the derivative of the energy with respect
to the displacement. It can be expressed as

A2y (PP +1) =57(*-2)

H __
= (y2+1)>* =
2
m
A= —— 2b
4mpugpod? (2b)
y = tan@ (20)
. 2dFH
FT = — (2d)

where m=|m| and m (= 3usuoBVHy) is the dipole moment
when a particle is placed in the magnetic field Hy. f =

(p—pe)
(np+2ug)* P
and medium, respectively, po is the vacuum permeability,

V(= %nR3 ) is the volume of a particle and y is the shear strain.

and pr are the relative permeabilities of the particles

FH is defined as the normalized restoring force to study the
relationship between the chain restoring force and shear strain
under different magnetic fields.

Figure 6 shows the relationship between the normalized
restoring force F and shear strain of a single chain of MR fluids.
As seen from the figure, in the initial deformation stage, as the
strain increases, I quickly reaches the peak. The corresponding
strain is defined as the yield strain. F¥ gradually decreases to zero
after the yield strain. It should be noted that the yield strain is a
constant value independent of the magnetic field.

In addition, Figure 6 presents the schematic of the test results
of the restoring force vs. strain of a single chain (Furst and Gast,

A A A A

‘ — L i

| | |

i | T

| | |

| | |

| | |

| | |

| | |

| | |

| |

: | |

| | |

7 V4 ]
FIGURE 5 | Schematic of the deformation of a single chain of MR fluids in

shear mode under magnetic field.

2000). It is seen from Figure 6, the yield strain based on the
magnetic dipole model is in good agreement with the test results,
but after the yield strain, the chain of the MR fluids ruptures
and the corresponding restoring force drops to zero sharply.
Therefore, it is unreasonable to derive the yield stress of MR
fluids based on the assumption of consistent deformation of the
chain clusters (i.e., the deformation of all chains of MR fluids is
consistent). The yield strain in the dipole model is derived from
the derivation of the yield stress. The relationship between the
restoring force and strain before the yield strain provides clues
for the deformation of the chain clusters.

An assumption is made here during the expansion of a single
chain to the entire chain clusters: under magnetic fields, the
structural evolution of the chain clusters of MR fluids in the
shearing motion is in dynamic equilibrium state from the micro
deformation of chain to rupture and reconstruction. Specifically,
as seen from the structural evolution of the chain clusters in
Figure 7, the ferromagnetic particles are polarized into chains
in a static state, and the chains of MR fluids are not in an
absolute parallel with the magnetic field direction. There are
slight differences between the chains. As seen from Figure 7,
under the shearing motion, the inclination angle of the chains
gradually increases, and due to the difference of the initial
inclination angle, part of the chains reach the yield strain and
then rupture occurs. As the shearing motion advances, more
chains rupture to yield stress and the previously ruptured chains
reconstruct and form new chains with the adjacent broken
chains. The rupture and reconstruction of the chains reach a
dynamic equilibrium under the steady-state conditions. In other
words, the number of chains ruptured at a certain instant is equal
to the amount of chains reconstructed. Thus, it exhibits a stable
mechanical property. The non-absolute parallel hypothesis in the
static state is verified with the results of MR fluids under electron
microscope (De Vicente et al., 2011). Also, the shear tests of a
single chain of MR fluids show that the restoring force of the MR
fluids abruptly decreases to zero (Furst and Gast, 2000), which

2 ‘ — ‘ ‘
Dipole Model Results
— — — Schematic of Single Chain Experiment

0.5

Yield Strain 0.39

Normalized Restoring Force (-)

0.75 1
Shear Strain(-)

—
0 025 05

FIGURE 6 | Response of the normalized restoring force vs. shear strain for a
single chain of MR fluids.
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indicates that the structural evolution of the chain clusters of MR
fluids is not consistent. Therefore, the assumption of a dynamic
equilibrium of the chain clusters of MR fluids is reasonable. Based
on such assumption and the dipole model of the single chain of
MR fluids [i.e., equation (2)], Figure 8 shows the stress-strain
relationship of MR fluids under shearing motion. As seen from
Figure 8, before the yield strain, the stress increases rapidly to
the peak with the increase of the overall strain of the chain
clusters. When reaches the dynamic equilibrium of the rupture
and reconstruction, MR fluids exhibit stable stress characteristics.
Consistent with the normalized restoring force-strain plot of a
single chain of MR fluids, the yield stress under the evolution of
the chain clusters structure is also a magnetic field-independent
constant. It should be noted that the yield stress and also the
corresponding yield strain of MR fluids and the stable stress are
not consistent in numerical values.

Hysteresis Mechanism of MR Fluids Under
Reciprocating Displacement Excitation

Based on the stress-strain plot of the chain clusters of MR
fluids obtained in Figure 8, under the reciprocating displacement
excitations, the MR fluids stress increases rapidly and gradually

b A A A

FIGURE 7 | Structural evolution of the multi-chain of MR fluids under
magnetic field.
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FIGURE 8 | Schematic of the stress vs. strain for multi-chain of MR fluids
under dynamic equilibrium state.

reaches the stable. When the displacement excitation direction
changes, the transient shear rate of the MR fluids can be seen as
zero. Then the chain ruptured at the previous moment maintains
the trend to the parallel direction of the magnetic field, while the
unruptured chains maintain the previous shear strain. Therefore,
when a new shearing motion starts (i.e., the shear direction
changes), the restoring force of part of the chains is opposite
to the shear rate, and part of the chains begin to undergo new
deformation. Thus, the overall stress direction is opposite to the
shear rate. As the shearing motion progresses, the stress of MR
fluids gradually approaches a new stability until the new shear
strain direction-change point.

Figures 9A,B provide the dipole model-based hysteresis
characteristics of MR fluids under reciprocating displacement
excitations with large and small amplitudes, respectively. As
shown in Figure 9A, the simulation results with coupled viscous
properties of MR fluids are also provided for comparison.
Consistent with Figures 6, 8, the distance from the strain
direction-change point to the stress stable point is a magnetic
field-independent quantification. It is numerically twice of the
yield strain. This agrees with the test results of the hysteresis of
MR fluids. However, in the hysteresis characteristics tests of MR
fluids, the macroscopic mechanical performance is affected by
the friction and compressibility of MR fluids. The yield strain
converted from yield displacement is not identical with the
theoretical value.

As seen from Figure 9B, when the excitation amplitude is
small, the excitation strain is insufficient to reach the yield strain,
and majority of the chains of MR fluids are not ruptured. The
stress generated by the MR effect maintains good coincidence
during the reciprocating processes, and its energy consuming
characteristics are mainly reflected by the viscosity characteristics
of MR fluids. This phenomenon is in good agreement with
the results of MR elastomers tests. Under low shear strain
amplitudes, the influence of MR effect on the macroscopic
properties of MR elastomers is mainly manifested in the
stiffness characteristics (Li et al., 2013). The energy consumption
characteristics is influence by the MR effect (Lopez-Lopez et al.,
2016), so the damping characteristics of MR elastomers is also
affected by the excitation amplitudes.

FURTHER EXTENSIONS

Hysteresis in MR Elastomers

The experimental tests and macroscopic modeling analysis
indicate that the hysteresis also happened in MR elastomers
where the corresponding strain is very small (Tian et al., 2011;
Li et al.,, 2013) and it can be effectively modeled by Bouc-Wen
model (Yang et al., 2013; Behrooz et al., 2014). Fortunately, the
particles in MR elastomers are fixed in the rubber matrix, and
especially for the anisotropic one, the deformation of the chains
can be reasonably predicted. Then two properties of the proposed
theoretical model can be experimentally verified: (i) the similarity
in Figure 9B would be checked under quasi-static tests, and (ii)
as shown in Figure 10, the yield strain can be directly measured
in MR elastomers (Tian et al., 2011). Then the comparison of the
yield strain would be done between experiment and theory. In
MR fluids, it is not easy to measure the yield strain. The yield
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displacement is a vague value in the force-displacement plot, and
the mixed air or the machining error would be amplified on the
value of the yield strain.

Response Time of MR Fluids

Researchers believe that the response time of MR actuators has
three main sources: response time of MR fluids, inductance of
coil, and eddy current in the coil bobbin (Bai et al., 2018b). Under
a fixed applied current, the response time from inductance of
MR damper coil and eddy current in the coil bobbin would be a
constant value regardless of the excitation velocity. The measured
results of response time vs. excitation velocity (Koo et al., 2006)
shown in Figure 11 indicate that with increasing velocity, the
response time sharply decreases before the convergence. If we
take the stable value as the constant value from inductance
of MR actuator coil and eddy current in the coil bobbin, the
response time from MR fluids seems to be inverse proportion
to the excitation velocity. Hence, we can make a conjecture that
instead of the response time, the response displacement is more
suitable to interpret the zero-stare response of MR actuators and

A A
I—-__-T.I--—-ﬁ\
- L
<
(2]
(7]
o
5 1 1 1 1 1 1 1 L3
s 2{15 -1 -05 05 1 1.5 2
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'
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P T d
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FIGURE 9 | Dipole model-based hysteresis characteristics of MR fluids under
reciprocating displacement excitations: (A) large amplitude and (B)
small amplitude.

it would be a constant value. This conjecture is consistent with
the constant yield displacement or strain in the hysteresis, which
also provides another way to the measurement of the yield strain.

Yield Strain in Theory of Dipole Model

The yield strain in shear mode is derived with the simple dipole
model, and it should be noted that the yield strain would be
different if another dipole model is used. Figure 12 presents the
comparison of the normalized restoring force response between
simple dipole model and local field dipole model (Zhang et al.,
2004). Ignoring the difference of the maximum restoring force,
the corresponding yield strain is different. In addition, the yield
strain is also different related with the working mode (Chen
et al., 2017b). The comparison/difference between shear mode
and valve mode is presented in Figure 13.

16
g 12l
512
g s
7 —+— 110 mT [
5 ——220mT
L 4] 330 mT
0 —+— 440 mT

0 5 10 15 20 25 30
Shear Strain (%)

FIGURE 10 | Measured stress-strain curve of MR elastomers
(Tian et al., 2011).
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FIGURE 11 | Response time of MR damper in field-on state as a function of
piston velocity (Koo et al., 2006).
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Discussion

The comparison between the experimental tests (refer to
Figures 2-4 and Figures A1,A2 in AppendixA) and the
theoretical results (Figure9A) indicates that the hysteresis
in force-displacement plot is consistent with each other and
satisfies the requirement of rate-independence of hysteresis and
the invariance of the experimental yield displacements under
different currents and theoretical yield strain under different
fields. It is also noted that (i) in the case of the double-rod
MR damper, the yield displacement is almost current-dependent,
and (ii) in theory, the distance between the direction-change
point and yield point is approximately twice of yield strain.
Hence, the tested yield displacement can be easily converted to
a sort of strain, and the direct comparison of its value with
the yield strain from theory would strongly prove the proposed
theory. In addition, the tested stable damping force would be

[
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— Simple Model

[
[=]

115
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! \ 0.75 .
105
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o
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3
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FIGURE 12 | Comparison of normalized restoring force response between
simple dipole model and local field dipole model.

2 ‘ ‘ ‘ ‘ ‘
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= — — Shear Mode

Normalized Restoring Force (-)
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Equivalent Strain A (-)

FIGURE 13 | Comparison of normalized restoring force response between
shear mode and valve mode (Chen et al., 2017b).

converted to a kind of stress, and the comparison with stable
stress would provide a clue to the dynamic equilibrium of multi-
chain structural evolution. We can realize the precise prediction
of the hysteresis of MR fluids and MR fluid-based actuators
before experimental tests, as long as we figure out the above.

CONCLUSIONS

Aiming at understanding the hysteresis mechanism of MR
fluids, a self-developed double-rod MR damper was tested
and the hysteresis mechanism of MR fluids using a dipole
model was theoretically analyzed and explained. The double-
rod MR damper under triangle displacement excitations were
tested and a normalization concept was applied, to eliminate
the compressibility of the accumulator and the influence of
the viscous damping on macroscopic hysteresis characteristics.
Test results, especially the uniformity of yield displacements
under different excitation conditions, indicate that the hysteresis
characteristics of MR fluids are mainly reflected in the force-
displacement plot. Based on the theory of the dipole model and
the dynamic equilibrium hypothesis of chain clusters rupture
and reconstruction, the hysteresis mechanism of MR fluids
under different excitation amplitudes was derived. Consistent
with the experimental results, the theoretically derived yield
strain is also independent of the excitation conditions. The
theoretically derived yield strain shows difference in the
magnitude of the strain corresponding to the yield displacement,
due to the influence of other factors in the tests of the
hysteresis characteristics of MR fluids. But the consistent
rate-independence characteristics provide fundamentals for the
further work on the MR effect mechanism. The reasonable
deductions on the response time of MR fluids as well as the stress-
strain properties of MR elastomers are helpful for the related
research or applications.

From the view of future research on the MR effect mechanism,
three significant issues are worthy of in-depth study. (i) Detailed
physical process for portraying and explaining the MR effect
mechanism should be mathematically formulated to in full-
scale verify the deduction of this work, which was using only a
preliminary analytical model. (ii) Tests of the yield displacements
of MR fluids when filled in gaps with different widths but
an identical cross-sectional area can be conducted to verify
the deduction of this work: smaller gap width, smaller yield
displacement. (iii) Tests of the yield strain of MR elastomers,
especially the anisotropic ones, can be done to verify the
deduction on the MR elastomers in this work.
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