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Editorial on the Research Topic

Synthesis, Characterization, and Applications of Magneto-Responsive Functional Materials

BACKGROUND

Magneto-responsive functional materials, in particular, magnetorheological (MR) materials (in
forms of liquid, elastomer, grease, or others), have gained significant attention from around the
world. The materials, with drastic rheological property changes, have been heavily investigated to
develop smart devices and applications, ranging from micro-sized sensors to large-scale energy
dissipation devices for civil engineering applications. Cross-disciplinary research activities are still
booming with aims to: 1) render larger MR effect with better stability and durability; 2) understand and
characterize the complex material behavior with existing or new rheology theories; 3) apply innovations
to design MR devices or actuators in many forms for respective targeted applications; and, 4) address
underlying concerns from end-customers for application-related obstacles. This Research Topic is set to
provide a platform for scientists and researchers to exchange the latest developments in the field. The
topic includes wide coverage of the focusing theme on technologies and innovations in the
aforementioned four areas. We are proud to present 10 peer-reviewed contributions offering
insights on synthesis, characterization, and applications of MR materials from leading researchers.

MAJOR HIGHLIGHTS OF THE CONTRIBUTIONS

MR fluids as important MR material that are used to design various intelligent vibration control
devices, such as brakes, clutches, dampers, and mounts, as well as medical apparatus. Over the past
2 decades, numerous designs have been proposed and tested based on the four operational modes of
the MR fluid. To summarise the latest developments, Hua et al. presented a dedicated review of the
structural configurations of MR fluid based devices in 2018-2020. In particular, the section on MR
fluid devices for medical application includes several innovative devices, such as robotic bone biopsy,
haptic actuator, and tactile device, which are highlights worthy of attention. Conclusive remarks and
future perspectives are also offered by the authors. Another topic review on the role of MR fluid in
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precision machining is given by Lu et al. The state-of-the-art
review on the surface polishing equipment is the first piece in the
community to comprehend outstanding research and work in
the area.

There has been a continuous effort in upgrading the
performance of MR fluid, in terms of larger MR effect, low
sedimentation, and high stability. When subjected to a
magnetic field, the particles in the carrier form chain or
column structures along the field direction, which can only be
broken until an external force/stress reaches a certain threshold,
namely yield stress. The improvement of MR effect can be
achieved through modifications to the magneto particles and
carrier fluids. The interface between particles and carrier fluids
plays a substantial role in the performance of MR fluid. Tong et al.
proposed the use of ionic liquid and silicon oil with the same
viscosity as a carrier fluid to prepare MR fluid. They showed that
the new MR fluid possesses higher yield stress of up to 90 kPa,
around 20 kPa more than a silicon oil based MR fluid. The results
of this experiment are explained by the enhanced interactions
between the particles, encouraged by the fact that ion fragments
in the ionic liquid formed an ion layer on the surface of the
particles. Jang et al. adopted another approach to enhance the MR
effect, i.e., coating Carbon Iron (CI) particles with hard-magnetic
barium ferrite (BF) nanoparticles. The hard-magnetic BF
nanoparticles have a hexagonal plate-like structure and high
magnetocrystalline anisotropy, high Curie point, relatively high
magnetic saturation value and coercive force, and superior
chemical stability and corrosion resistance. SEM images reveal
that the BaFe;,0,, particles are attached to the space between the
CI particles, which enhanced the MR efficiency, reduced particle
aggregation, and thus improved suspension stability.

The gravitational force of the heavy ferrite particle induces
settling of the particles due to the mismatch with the low-density
carrier fluid. Sedimentation in MR fluid has indeed become a
burning issue to resolve facing the application of MR devices, or
at least with technology to monitor the sedimentation inside the
device. Zhang et al. propose an in-situ capacitance sensing
approach to capture the settlement of MR fluid within an MR
damper cylinder. They designed an open plate capacitor
configuration and the system was calibrated using theoretical
simulation and experiment. The proposed system can be used for
the long-term monitoring of the particle settling of MR fluid in
any fabricated MR device.

To overcome the influence of disturbances, either internal or
external, on the performance of the MR impact buffer system, B.
Wang and Li. proposed a hybrid control strategy with sliding
mode active disturbance rejection control based on extended state
observer. The proposed control method is validated through
numerical simulation and exhibits superiority with fast
response, minimal overshooting, and great immunity to
nonlinear hysteresis.

Besides MR fluids, other forms of MR materials such as MR
elastomer, gel, and grease, have been been the focus of recent
research. Similar to the trajectory of MR fluids, research activities
on other MR materials are mainly from material scientists and are
expected to rapidly shift to engineering. Wang et al. explored the
feasibility of MR elastomer (also called Magneto-Sensitive rubber,
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or MS rubber) to be used in semi-active vehicle suspension. A
constitutive model was proposed to accurately replicate the
behavior of MS rubber. They then used an H-infinity control
strategy for a quarter car model featuring MS rubber semi-active
suspension to examine the performances under a bump and a
random ground excitation. Future perspectives on this proposal
are discussed, with ample insights presented. Gong et al.
developed a novel MR polymer gel utilizing carbon nanotubes
and CI particles to mix into the polymer gel matrix. An unusual
nonlinear magneto-electro-mechanical response, i.e. rate-
dependence, was observed together with high performance
sensing behavior. Thus, the new material has promising
futures in both active control and electromechanical sensing,
either separately or combined. Mao et al. investigated the
magneto-induced normal stress in MR gel under quasi-
statically monotonic and periodically cyclic loading. Detailed
experimental testing and observation can all be found in this
article with ample insights.

Understanding the rheological properties is the key to unlock
the potentials of MR materials for future applications. Usually,
storage/loss modules and Lissajous curves from the oscillatory
shear tests are used to extrapolate the rheological properties.
However, they each possess drawbacks in making the detailed
nonlinear behavior more explicit. Wang et al. utilized Fourier
transform-Chebyshev analysis to quantitatively interpret the
influence and frequency on the non-linear rheology of MR
grease. The strain-stiffening/softening and shear thickening/
thinning features of the materials can be easily expressed
using this method, which offers a new way of examining the
complex behavior of MR materials, especially under
sophisticated influences of the magnetic field, complex strain,
and temperature.

SUMMARY

These Research Topic contributions provide information about
the latest developments in magneto-responsive materials in
relation to various aspects, such as state-of-the-art review,
material development, and characterization, constitutive
modelling, numerical methods, and simulation. The editors
hope that you find these articles useful and are inspired
by them.
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In light of the insurmountable sedimentation of magnetorheological (MR) fluid, it is
of great significance to ensure the performability of an MR damper by introducing a
sensing method for MR fluid settling, and a key indicator to identify the health status
of the MR damper is critical. However, the settling monitoring system for MR fluid can
nowadays only function in a laboratory with transparent and non-magnetic tubes, which
is not qualified for the in-situ sensing in a steel-made cylinder. Under the analysis of an
open plate capacitor (OPC) configuration, the relationship between the concentration
of magnetorheological fluid and the capacitance is investigated by simulation and
experiments, and based on OPC, an in-situ sensing method for the settlement monitoring
of magnetorheological fluid is designed. Long-time settling monitoring is carried out
with home-made MR fluids, and the test results show that the sensing method can
effectively reflect the status of settled MR fluids, and has the potential to be utilized in the
identification of MR fluid compression points, which provides the strategic signal for the
probable active or operational re-dispersing of MR fluid.

Keywords: magnetorheological fluid, open plate capacitor, settlement, in-situ sensing, dielectric constant

INTRODUCTION

Magnetorheological (MR) fluid was first described in 1948 by J. Rabinow, 1 year after Winslow’s
patent for electrorheological (ER) fluid, but MR fluid prevails with its much higher mechanical
performance in relatively low voltages. MR fluid is a suspension of magnetically soft and
micron-sized particles in a carrier liquid, typically carbonyl iron (CI) particles and silicon oil, and
the rheological properties can be controlled by an applied magnetic field (Rankin et al., 1999).
When free of the magnetic field, the particles are dispersed uniformly in the carrier liquid by strong
surfactants and the MR fluid generally performs like a quasi-Newtonian fluid (Chen et al., 2015;
Aruna et al.,, 2019).

Under a magnetic field, the particles are aggregated to form chain-like clusters which can
undertake strong shear deformation like a Bingham fluid, and the more intense magnetic flux,
the higher yield stress exhibited. The phase transition between Newtonian and Bingham behavior
is rapid, reversible, and insensitive to temperature over broad temperature ranges, and thus MR
fluid can provide simple, quiet, and rapid-response interfaces between electronic controls and
mechanical systems, and has been applied to various types of devices such as dampers, clutches,
brakes, valves, etc.
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FIGURE 1 | Flow analysis of the MR fluid in a typical MR damper.

Regardless of the ever-developing additives and surfactants,
MR fluid tends to be settled because of the density mismatch
between the dispersed phase and carrier fluid, which causes
the MR damper to stick or degrade, i.e., the performability of
the MR damper cannot be ensured if it is standing still for a
long time such as the one adopted in earthquake mitigation.
The contemporary MR damper, shown in Figure 1, mainly
works via the principle of flow mode and shear mode with
a single tube structure, the accumulator accommodates the
volume change, which occurs due to the piston rod getting
in and out of the cylinder, which is always located at the
bottom end of the cylinder, and a floating piston serves as an
isolator between the chambers. According to the flow analysis,
the particles aggregated onto the upper end of the piston can
be regarded as the recoverable sediment zone when formed
after long-time standing of the MR damper, and re-dispersed
by penetrating flow induced by the piston reciprocation. But
the MR fluid only acts as a scouring flow for the unrecoverable
sediment zone over the floating piston because the MR fluid
flow stops there, and the MR damper degrades because the
particles cannot be brought into the main stream of the MR fluid,
which inevitably lowers the actual concentration of MR fluid.
Consequently, a system should be established to characterize
the health of the MR damper, determining the aggregation
state of the MR fluid in the unrecoverable sediment zone is a
potential way.

The most commonly used method for MR fluid sedimentation
monitoring is visual observation, Gorodkin et al. (2000), Chen
and Chen (2003), and Ngatu and Wereley (2007) tracked
the mudline in MR fluid settling using a fixed inductor. Xie
et al. (2015) investigated the sedimentation comparison between
silicone oil and HVLP-based MR fluid, and the sedimentation

characterization based on a vertical axis inductance monitoring
system (VAIMS) was carried out (Choi et al., 2016) by vertically
translating an inductor sensor along the MR fluid column
which is enclosed in a transparent tube, and recording the
inductance value in a specified time interval until the MR
fluid settled to a stable condition in the column. Wen et al.
(2019) optimized the VAIMS with a LARS sensor to better
locate MR fluid layering while it settled. Cheng et al. (2016)
established a complicated system to monitor MR fluid settling
via the thermal conductivity change with the concentration,
in which the thermal conductivity was monitored at a fixed
location but the system was severely dependent on the
thermal environment.

Most of the monitoring methods proposed for MR fluid
sedimentation were carried out in the laboratory, and the MR
fluid was enclosed by a non-magnetic tube, which is favorable
for MR fluid preparation and optimization, but it is futile
when we hope to investigate the MR fluid which services an
actual device such as a damper or clutch. Vezys et al. (2018)
developed a method for sedimentation sensing in a MR brake
via resistivity measuring, in which the MR fluid sedimentation
is characterized with the magnetic field strength and the time
of standing still, but failed to correlate the resistivity with
the concentration of MR fluid. Gillet et al. (2020) proposed
a novel method to track the degradation of an MR clutch
by correlating the clearness percentage of MR fluid with the
established durability metric of “life dissipated energy” (LDE),
where the clearness of MR fluid is sensed by an optical red green
blue sensor.

It is obvious that the sedimentation monitoring of MR fluid is
of great significance for ongoing applications, but it is difficult
to relate the real concentration of the MR fluid with device
performance such as dampers, brakes, and clutches, because of
the opaqueness and immeasurable inductance in a real steel-
made cylinder. Numerical simulations should play an important
role for the promotion of effective sedimentation monitoring.
There are other factors inducing the degradation of MR devices,
but MR fluid sedimentation constructs the greatest challenge for
the performability of an MR damper, so an in-situ capacitance
sensing method is proposed in this paper to better illustrate the
MR fluid concentration in the settling process via simulation
and experiments.

THEORETICAL BASES

As we know, a parallel plates capacitor is comprised of two
face-to-face placed plates and the facing area of the plates is
proportional to the capacitance. But when used as a sensing
element, the gap distance or the dielectric coefficient of the
medium between the plates often interact with the sensed
quantities to regulate the capacitance. The dielectric coefficient
of the MR fluid will be regulated with the concentration change
in the sedimentation of the MR fluid, but the particles will be
prevented from getting into the capacitor gap because of the
obstruction of plates or the small distance between the plates,
no matter if the parallel capacitor is placed horizontally or
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obliquely as shown in Figure 2. An open plate capacitor (OPC),
with a bottom-placed horizontal plate and a pillar plate in the
center, is proposed in this paper to designate the settling of MR
fluid, in which the settled particles will be gathered onto the
horizontal plate and effectively change the concentration of the
MR fluid enclosed.

As show in Figure3a, the sensing element is in-situ
because the capacitor is bottom-placed in the steel-made
cylinder, and the operation of the MR damper is not
affected while the settling monitoring of the MR fluid is
continuously operating. A wiring hole is in the center of
the pillar plate and an isolating gap is between the two
insulated plates to avoid circuit shorting. The horizontal
plate is 41mm in diameter, a little smaller than the steel
cylinder which is 42mm in diameter, and the pillar plate

is 8mm in diameter and of 15mm in height. To explore
the relationship between the concentration of the MR fluid
and the capacitance of the open plate capacitor, a COMSOL
finite element model is established and shown in Figure 3b.
In the simulation, a two-dimensional axial symmetric model is
employed for the open plate capacitor because of the physical
essentials. The boundary conditions are listed as following:
the pillar plate is set to be a potential terminal with a
1V surface voltage, and the horizontal plate is set to be a
grounding terminal.

In Figure 3c, the open plate capacitor is assumed to be placed
in a uniformly distributed MR fluid, and the physical boundaries
of AB, BD, and CD are set to be zero electric charge, and AC is the
symmetrical axis. The dielectric coefficient of plates is set to be a
two-phase augmented composite relative to the MR fluid, and the
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equivalent relative dielectric coefficient ¢ satisfies the following
Maxwell-Garnett model (Garnett, 1904):

gﬂep Em — 8p

e=¢&u+3
T =) pp/ o1+ @ em + 265 — @ (e — &p)

1

Where ¢ is the fraction of carbonyl iron (CI) particles of MR
fluid in weight, and &, is the relative dielectric coefficient of
the CI particles and is set to 60. &,, is the relative dielectric
coefficient of the solute and is set to 2, and pp, p; are the
densities of the dispersed particle and dispersing medium,
7,900 and 1,000 kg/m?, respectively, in this simulation. The
discretized finite element model is substituted into the ES
solution of COMSOL software and the results are shown
in Figure 4.

From Figure 4A, the electric field in the MR fluid is mainly
concentrated at the adjacent zone of the pillar and horizontal
plates when the open plate capacitor is applied with 1V
in the pillar plate, and the nearer to the pillar plate, the
stronger the electric field. The maximum is 1,217 V/m, the
equipotential surface is distributed bowl-like between the two
plates. From Figure 4B, with the heightening of the MR fluid
concentration, the capacitance of the open plate capacitor is
increased from 2.23 to 2.71 pE, following an accelerating trend
with the MR fluid concentration. Additionally, the results show
that there is a deterministic relationship between the MR fluid
concentration and the capacitance, and this makes it possible
to measure the settled MR fluid concentration by sensing the
capacitance output of the open plate capacitor. With LCR
equipment in precision of 0.01 pF, the simulated results are also
experimentally validated in Figure 4B using the home-made MR
fluid with simply mixed CI particles in silicone oil with specific
concentrations (the details are in section Experiment). The
simulation coincides well with the experiment, but the simulation

is a little smaller in value because of the error from the Maxwell-
Garnett model in high particle concentration. And the result
shows that the capacitance-based sensing method will be more
sensitive in high MR fluid concentrations, and once the particles
settle to a relatively high concentration, the sensing will be
more accurate.

EXPERIMENT

MR Fluid Preparation

To speed up the experiment, the home-made MR fluid is
prepared to accelerate particle settling, the CI particles with dso =
5 wm and the silicone oil with a viscosity of 100 cps are used. The
metering in the MR fluid preparation is relatively easy because
the concentration is determined by weight ratio. The weight ratio
of CI particles and silicone oil is 4:1 when taking an 80% MR fluid
concentration as an example, ~200 ml of silicone oil is weighed
by a balance in 0.1 g precision and poured into a transparent
beaker and the CI particles (four times the weight of the oil)
are mixed into the silicone oil, and then the blend is adequately
stirred and mixed by a muddler before measurement, the
uniformity of the MR fluid is determined by visual information
and manual interaction. The range of MR fluid concentration in
weight ratio can be effectively broadened to nearly 100%, and
in this paper, MR fluid samples of 10-90% with a 10% interval,
and an additional 95% concentration in weight ratio are prepared
to validate the simulation results, but only MR fluids, initially
in relatively low concentrations of 20, 30, and 40%, are used to
track particle settling for exploring the settling process from low
to high concentrations. The prepared MR samples are designated
as the weight ratio with a prefix of MRF, such as MRF20, MRF30,
and MRF40.
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FIGURE 5 | The test setup for MR fluid settlement monitoring and capacitance calibration. (A) Scheme diagram. (B) Experiment setup.

Test Setup

The test setup is shown in Figure 5A and the steel cylinder is held
on a stand with the open plate capacitor placed at the bottom,
LCR equipment is used to measure the capacitance, and a laptop
is included. The steel cylinder is 120 mm in height and the upper
end is not covered to allow us to pour and remove the MR fluid.
The leading wire is fed through the wiring hole of the pillar plate
and the end cover of the cylinder, and then the wiring hole is
sealed with epoxy resin. VICTOR brand LCR equipment is used
and in a precision of 0.01 pE, the frequency of the capacitance
reading is set to 100 kHz.

The Calibration Test

All seven prepared samples are adopted to calibrate the
simulation result of the relationship between the MR fluid
concentration and the capacitance of the open plate capacitor.
Pouring 100ml of the prepared sample into the cylinder
from the upper opening of the cylinder and ensuring
the pillar plate is totally immersed in the MR fluid, the
capacitance outputs are recorded simultaneously for samples
in each concentration, respectively, and the output values
are averaged by five-time measurements for each sample.
The cylinder functions as an electromagnetic shield and the
wall is connected to the grounding terminal of the LCR
equipment to avoid electromagnet interference. Because of
the long process of MR fluid sedimentation monitoring,
the test setup is put into a thermostatic chamber and kept
at 20°C.

Sedimentation Monitoring

Based on the in-situ monitoring test setup, sedimentation
monitoring of MR fluids is carried out with different
concentrations, only MRF20, MRF30, and MRF40 are used
in the monitoring to speed up the process and the capacitance
can be observed from an initial low concentration to the settled
high concentration, and all the testing MR fluids used are 100 ml
in volume. Because the mudline formation is not easily observed

in the steel-made cylinder, the corresponding testing sample
of MR fluids are also put in transparent tubes with the same
volume as a contrast, the emergence and following descent of
the mudline are recorded with a time interval of 10 min until
they remain unchanged. The capacitance acquisition is started
when the testing MR fluids are poured into the steel-made
cylinders and the transparent tubes simultaneously, and the
acquired capacitance is transferred into the concentration
of the MR fluid according to the calibration test shown
in Figure 5B.

RESULTS AND DISCUSSION

The results of settlement monitoring are shown in Figure 6.
As shown in Figure 6A, the mudline height descends and
the MRF20 concentration increases at the bottom of the
cylinder with increasing time because of the sedimentation. The
mudline descends from initially 180 mm to 121 mm and the
concentration rises from 20.0 to 64.5 wt.%, respectively, after
100 min of settling. The mudline heights are 55 and 23 mm,
respectively, at the second and the third hundredth minute, and
eventually end at 8 mm, but the concentrations are 90.1 and
95.1 wt.% in the same time scale, and then finally approach
100%. As a contrast (as shown in Figures 6B,C), at the time
scale of the 1st, 2nd, and 3rd hundredth minute, the mudline
heights and concentrations for MRF30 are 144 mm, 64.5 wt.%,
109 mm, 80.6 wt.%, and 70 mm, 86.9 wt.%, and the counterparts
for MRF40 are 162mm, 44.5 wt.%, 137 mm, 51.5 wt.%, and
110 mm, 59.7 wt.%.

For each observation, the descent of the mudline height gets
slower with the increment of the measured concentration, this
can be seen when the concentration of the MR fluid is low, the
distance between particles is enough to prevent the interaction
between particles, and the Stokes law is satisfied correspondingly.
However, when the concentration of MR fluid gets higher, the
distance between particles reduces and even results in contact
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between them, the conflict and squeeze between particles will
delay the settling of the particles.

Besides, the comparison between the settlement of different
MR fluid samples shows that the higher the initial concentration
of the MR fluid, the slower the sedimentation will be. The
time lengths needed for the fully settled status of MRF20,
MRF30, and MRF40 are about 400, 950, and 1,400 min,
respectively. Additionally, initial sedimentation presents a
relatively steady settling rate with a constant slope, and
the lower the concentration of MR fluid, the bigger the
slope. According to Kynch’s theory of sedimentation (Kynch,
1952), the process can be divided into a constant settling
region, transition region, and consolidation region, and there
is a compression point in the transition region, which
can be determined theoretically by the tangent method.
For the settling curve of MRF20, MRF30, and MRF40,
the compression points are determined as in Figure 6, and

the corresponding time scales are about 280, 480, and
660 min, respectively.

In addition, as a critical sedimentation point identifies the
point at which the pulp-supernatant interface goes from zone
settling into compression, the compression point will be the
starting point of the sediment consolidation, and can be seen
as a key indicator of the health status of the MR damper. It is
obvious that the time of compression points appearance diverges
with the concentration of MR fluid, however, the relatively
constant concentration of MR fluid is measured at the cylinder
bottom and it is about 94.5% in weight ratio. Accordingly, a
re-dispersing mechanism should be introduced to actively or
operationally disperse the settled MR fluid to avoid the failure
of the device, in-situ capacitance sensing will play an important
role as the triggering signal to start the re-dispersing mechanism.
For commercial MR fluid, the appearance of the compression
point can be expected much later, but the measured capacitance
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of the open plate capacitor, thus the concentration of MR fluid,
will be expected.

CONCLUSION

For the settling characteristics of MR fluid in a steel-made
cylinder of a real MR damper, an open plate capacitor
configuration based on in-situ sensing is proposed in this paper
and LCR equipment is used as the acquisition of the capacitance,
which is regulated by the settled MR fluid. The relationship
between the capacitance value and the concentration of MR
fluid in weight ratio is calibrated by simulation and experiments,
and long-time settlement monitoring is carried out to pursue
an effective indicator to reflect the status of settled MR fluid
and act as a representation of the performability of a promising
MR damper. The following conclusions can be drawn in the
sedimentation of MR fluid:

The capacitance of open plate capacitor is positively correlated
with the concentration of MR fluid, the higher the concentration,
the higher the capacitance and the faster the increment of the
capacitance. However, the higher the concentration of MR fluid,
the slower the settling will be.

In the experiments, although the occurrence of Kynch’s
theory-based compression point diverges temporally, the
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Magnetorheological fluid (MRF) is a kind of smart materials with rheological behavior
change by means of external magnetic field application, which has been widely adopted in
many complex systems of different technical fields. In this work, the state-of-the-art MRF
based devices are reviewed according to structural configurations reported from 2018 to
2020. Based on the rheological characteristic, the MRF has a variety of operational modes,
such as flow mode, shear mode, squeeze mode and pinch mode, and has unique
advantages in some special practical applications. With reference to these operational
modes, improved engineering mechanical devices with MRF are summarized, including
brakes, clutches, dampers, and mounts proposed over these 3 years. Furthermore, some
new medical devices using the MRF are also investigated, such as surgical assistive
devices and artificial limbs. In particular, some outstanding advances on the structural
innovations and application superiority of these devices are introduced in detail. Finally, an
overview of the significant issues that occur in the MRF based devices is reported, and the
developing trends for the devices using the MRF are discussed.

Keywords: magnetorheological fluid, magnetorheological fluid-based devices, structural configuration,
magnetorheological fluid brakes, magnetorheological fluid clutch, magnetorheological fluid damper,
magnetorheological medical devices

INTRODUCTION

Magnetorheological fluid (MRF), as a kind of smart materials, has been widely studied by scholars
due to its controllable rheological properties in a few milliseconds (Jackson et al., 2018; Fu et al., 2020;
Zheng et al., 2020). In the technical fields of vibration isolation (Rossi et al., 2018; Phu and Choi,
2019), energy absorption (Ahamed et al., 2016; Yoon J.-Y. et al., 2020), and actuation control (Hong
et al, 2019; Zhang L. et al,, 2019) et al., MRF has a unique advantage as the main part of the
manipulation or regulation mechanism. Therefore, MRF based devices have great potential in
structural optimization and innovative development and show outstanding performance in
engineering (Hu et al., 2019; Yuan et al., 2019; Zhou et al., 2020) and medical fields (El Wahed, 2020).

MREF based devices are mainly based on four operational modes of MRF, including flow mode,
shear mode, squeeze mode and pinch mode, which show different performance in various practical
application requirements (Elsaady et al., 2020a). Using the above four operational modes, widely
studied engineering mechanical devices mainly involve brake, clutch, damper, and mount etc.
(Ahamed et al, 2018). Because the MRF can generate a reliable and stable magnetorheological
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FIGURE 1 | Classification of MRF based devices with proportions
according to the referred literatures.

phenomenon with fast response and strong controllability in the
magnetic field environment (Juan et al, 2011), MRF based
devices generally have a low failure rate and high regulating
ability. However, with the change of the production environment
and the improvement of application requirements, these MRF
based devices have gradually exposed some defects, such as weak
magnetic field (Lee et al, 2018), unstable MRF because of
overheated electromagnetic coils (Wang et al, 2019b),
settlement of MRF in the idle state (Bastola et al., 2019),
leakage of MRF (Tu et al, 2019), and an overall large and
bulky devices volume (Li J. H. et al., 2018). Therefore, in view
of the various problems in practical applications, many scholars
have proposed different improvements and optimization
methods based on traditional structures, which has greatly
enhanced the performance of the MRF based devices.
Furthermore, different from the above application types, the
MREF has been further developed, and has in recent years become
an important part of the haptic feedback system (Song et al.,
2018b) and artificial limbs (Pandit et al., 2018) in the medical
field. In the haptic feedback system based on the MRF, using the
controlled rheological characteristics, a resistance environment
similar to the real sense of touch is generated and transmitted to
the operator, which is widely applied to the teleoperated catheter
operating system (Song et al, 2018a) or intelligent haptic
interface devices (Topcu et al, 2018). Moreover, in some
medical auxiliary and customized devices, such as prostheses
(Jing et al.,, 2018; Zhou and Liu, 2020), rehabilitation protection
devices (Zhou et al., 2020), and skeletons (Veronneau et al., 2018),
the MRF has been widely studied for advantages of adjustable
stiffness and easy structure integration. Based on these specific
applications, novel product structures and design methods are

Structural Configuration of MR Fluid-Based-Devices

proposed using the MRF, which fully reflects the irreplaceable
role of the smart material in many advanced technologies.

Having thus described some basic concepts and providing a
broad categorization, some typical MRF based devices are
investigated in engineering and medical applications from
2018 to 2020. In this work, 104 academic articles from these
3 years are used as a reference, reporting on the novel structure
configurations, design purposes, and advantages of MRF based
devices. Based on the above classification introduction, the
proportions of different development directions are shown in
Figure 1. Furthermore, some drawbacks of the MRF filled devices
are also summarized. After a discussion, conclusions, and outline,
prospects for the development of MRF based devices are
presented.

MAGNETORHEOLOGICAL FLUID BRAKES
IN ENGINEERING APPLICATIONS

A brake is a device with the function of making moving parts (or
moving machinery) slow down, stop or maintain the stopped
state, which is widely used in lifting transportation equipment,
mining equipment, construction engineering equipment, and
marine ship equipment. Increasing brake torque, eliminating
hysteresis time, optimizing device volume and weight, and
reducing energy consumption are the main directions of
developing new MRF brakes (Bazargan-Lari, 2019; Zhu et al,
2019). Some MRF brakes reported from 2018 to 2020 are
summarized in Table 1.

In 2018, a radial multi-pole-and-layer MRF brake with higher
torque and torque density was proposed, shown in Figure 2A
(Wuetal., 2018). In this design, two superposition magnetic fields
are generated by inner and outer coils with 12 magnetic poles, and
four media layers of MRF are located in these coils. The braking
characteristics of the device are significantly improved, but the
added coils increase the overall weight and energy consumption.
Furthermore, an MRF brake was designed with a multi-drum
architecture, shown in Figure 2B (Qin et al., 2018). The device is
compact and light-weight, generating four gaps of MRF, which
increases the shear area but also requires higher manufacturing
accuracy. In order to enhance the braking torque, except the
above structural changes, a configuration of an MRF brake with
three coils on each side of the brake housing was designed, shown
in Figure 2C (Nguyen et al, 2019). The device provides better
braking performance than a traditional single side-coil MRF
brake. However, the device is also unable to avoid the defects
of being heavy, having high energy consumption, and
temperature interference. Different from the above design
solution, an MRF brake was proposed to avoid meaningless
loss, where permanent magnets were used to attract MRF into
a neighboring gap, shown in Figure 3A (Shamieh and Sedaghati,
2018). Through eliminating contact of the MRF and rotor, power
loss due to the zero-field viscous torque is decreased. On the other
hand, in the braking state of the device, the effective shear area of
MREF is small and the braking torque is limited. Moreover, an
elastomeric baffle device with MRF was proposed and applied for
the electronic joystick machine shown in Figure 3B (Elliott and
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TABLE 1 | Novel MRF brakes in 2018-2020.

No. References Type

1 Zhu and Geng (2018) Brake with shear and differential pressure mode

2 Wu et al. (2018) Multi-pole-and-layer type brake with shear mode

3 Qin et al. (2018) Multi-drum type brake with shear mode

4 Nguyen et al. (2019) Multi-coil type brake with shear mode

5 Shamieh and Sedaghati Permanent magnets and coil type brake with
(2018) shear mode

6 Elliott and Buckner (2018)  Piston type brake with shear mode

7 Zhu et al. (2019) Disc-and-drum type brake with shear mode

8 Dai et al. (2019) Rotary micro brake with shear mode

9 Qin et al. (2019) Multi drum type brake with shear mode

10 Wang et al. (2019a) Disc type brake with squeeze and shear mode

1 Wang and Bi (2020) Disc type brake with squeeze and shear mode

12 Zhang D. et al. (2020) Disc type brake with shear mode

Structural Configuration of MR Fluid-Based-Devices

Improved method

Simulating Wankel engine configuration to realize intelligent brake quickly

Using two layers structure with six pairs of coils to improve magnetic field strength
Adding the number of layers in the drum to increase the working area of MRF.
Adopting three coils on each side of the brake housing to improve magnetic field
strength

Using permanent magnets to absorb MRF to reduce the energy loss caused by zero
field viscosity

Combining MRF and baffle with simple structure to control the electronic joystick
Optimizing structure size and verifying phenomenon of shear thinning in high speed
Combining with turbine generator with compact structure

Designing a hollowed casing structure to fill with actuator

Using squeeze-shear mode and water-cooling way simultaneously to improve the
brake performance

Adopting an automatic squeeze and shear mode to improve the torque output
Coupling multiple brakes to conduct the torsional forward of snake-like robot
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FIGURE 2 | (A) Multi-pole-and-layer MRF brake (Wu et al., 2018). (B) Multi-drum MRF brake (Qin et al., 2018). (C) Multiple side-coil MRF brake (Nguyen et al.,

Buckner, 2018). The device provides controllable resistance to
axial motion of the center shaft and has the advantages of
reducing cost and complexity.

In 2019, a micro-brake was proposed to regulate a miniature
turbine generator based on MR fluid and MR grease, respectively,
shown in Figure 4A (Huang et al., 2018; Dai et al., 2019). In the
simple device, an electromagnetic coil fills internal space, and low

permeability materials are used to maximize the magnetic field
density. The brake can improve enough resistance when the
turbine generator is working at high wind speeds. Similar to a
compact structure, a novel hollowed multi-drum MRF brake was
proposed to deal with the magnetic hysteresis, shown in
Figure 4B (Qin et al, 2019). The device has a multi-drum
mode, and a hollowed casing filled with actuator provides the
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FIGURE 4 | (A) Rotary micro-brake (Dai et al., 2019). (B) Multi-drum MRF brake (Qin et al., 2019). (C) High-torque squeezing MRF brake (Wang et al., 2019a). (D)
MRF brake with squeeze-shear mode (Wang and Bi, 2020). (E) Snake like robot with MRF actuators (Zhang D. et al., 2020).

important reference of the composite structure. But these  water-cooling method effectively improves the working time
compact structures tend to increase the MRF temperature and ~ and maintains high brake torque. However, the flumes increase
cause the braking torque to decrease. Then, a squeezing brake was ~ the size of the brake and require the addition of water
presented to reduce the effect of temperature on MRF, shown in  circulation equipment. Furthermore, in 2020, an MRF brake
Figure 4C (Wang et al,, 2019a). In this device, several flumes are ~ under squeeze-shear mode was designed, in which a squeezing
designed to dissipate the heat of MRF and brake disc, the  bolt was presented to produce compressive force for transmission
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TABLE 2 | Novel MRF clutches in 2018-2020.

No. References Type

1 Fernandezetal. (2018)  Drum type clutch with shear mode

2 Wang W. D. et al.
(2019)

3 Wu et al. (2019)

Disc type clutch with shear mode

Muilti hollow disc type clutch with shear
mode

Structural Configuration of MR Fluid-Based-Devices

Improved method

Using a steel cylinder moved in and out the clutch device to adjust magnetic field of permanent
magnet.
Providing a human-robot interaction MRF clutch and optimizing structure sizes

Designing a complex transmission disc with a plurality of magnetic conductive columns and
flumes for cooling liquid

4 Kikuchi et al. (2020)
5 Olszak et al. (2019)

Multi disc type clutch with shear mode
Valve type clutch with flow mode

Presenting a multi-clutch coupling scheme
Simulating the structure of electric pump and replacing oil fluid with MRF to realize the power

transmission control

6 Yang and Chen (2019)  Drum type clutch with shear mode

Proposing a wedge-shaped clearance between the inner and outer cylinders for uniform

distribution of magnetic field

7 Wang X. et al. (2019)  Conical type clutch with shear and
squeeze mode

Disc type clutch with shear and squeeze
mode

Disc type clutch with shear mode

8 Xiong et al. (2019)

9 Binyet and Chang
(2020)

Pilon et al. (2020) Disc type clutch with shear mode

performance, and a magnetic vane was set to ensure that a
magnetic flux crosses both sides of the rotor, shown in
Figure 4D (Wang and Bi, 2020). Utilizing the combined mode,
the MRF device generated higher torque compared to those
without compression. Moreover, an MRF brake with adaptive
stiffness control was applied to a snake-like robot shown in
Figure 4E (Zhang D. et al, 2020). Although this device has
only the most basic brake structure, a number of MRF brakes
are assembled head to tail, that is, the brake can also be regarded as
an actuator. By flexibly controlling the output torque of each joint
MREF brake, the twisting motion of the snake-like robot can be
realized. Since the motion of each joint is different, the actuators
with MRF need to be controlled, separately.

MAGNETORHEOLOGICAL FLUID
CLUTCHES IN ENGINEERING
APPLICATIONS

A clutch is a commonly used mechanism in transmission or
actuation equipment and can separate or engage motion
components at any time (Tian et al.,, 2018; Wang W. D. et al,
2019). As a special power switch, a high-quality clutch has some
basic requirements such as a smooth joint, rapid and complete
separation, a small sized exterior profile, good wear resistance,
adequate heat dissipation capacity, is easy to operate, and is labor
saving. Aiming to realize the above working performance, new
clutches based on MRF have been extensively studied and have
unique advantages in many engineering applications. Some MRF
clutches from 2018 to 2020 are summarized in Table 2.

In 2018, an MRF clutch was presented using permanent
magnets, which is covered by a steel cylinder (Fernandez et al.,
2018). The steel cylinder is adjusted to move the clutch device in
and out and alters the intensity of the magnetic field around MRF
to vary transmitted torque. This method can quickly control the
magnetic field without changing the position of permanent
magnets. In 2019, an MRF transmission device was proposed

Adopting shape memory alloy to provide squeeze mode and improving torque output
performance

Adopting electrothermal shape memory alloy to provide squeeze mode and improving
transmission performance

Changing the position of permanent magnets to control the working mode of MRF and reducing
energy consumption

Designing a 3D screw flight made of MRF and improving the durability of device

for high-power applications, shown in Figure 5A (Wu et al,
2019). It can be seen from the schematic configuration that a
multi-hollow transmission disc was designed, and each single disc
has a plurality of magnetic conductive columns and flumes for
cooling liquid. The structure design with maximum output
torque of 1880Nm and slip power of 70kW has great
working performance. Because of the large working area of the
cooling liquid and MREF, the sealing requirements and production
costs for this device are high. Based on the coupled operation
mode, a multi-disc MRF clutch was presented, two of which are
fixed on the casing and shaft, shown in Figure 5B (Kikuchi et al.,
2020). Utilizing the clutch, a new actuator with flexible torque
control can be assembled for the haptic device. Moreover, a
hydrodynamic MRF clutch shown in Figure 5C was proposed,
where the centrifugal forces in the pump actuate MRF to flow
through the channel placed in the magnetic valve and the cross
over turbine (Olszak et al., 2019). Thus, the turbine torque is
controlled by regulating excited voltage of the electromagnetic
coil. On the other hand, there are higher restrictions on particle
size and precipitation characteristics of MRF in this device. In
addition, to address the problem of an uneven magnetic field, a
wedge clearance was designed in a drum type MRF transmission
device (Yang and Chen, 2019). The outer cylinder is connected
with the driving shaft, and the inner cylinder with an inclined
surface is connected with the driven shaft. MRF fills the wedge-
shaped clearance between the inner and outer cylinders. The
results show that when the wedge angle is about 1.074°, the
magnetic induction intensity in the working gap has the most
uniform distribution, which is conducive to a stable and accurate
torque output.

In order to maintain a stable working performance and to
improve transmission torque, a hybrid model combined with
MRF and shape memory alloy was proposed by Wang X. et al.
(2019) and Xiong et al. (2019) shown in Figure 6A. When the
temperature reaches a critical phase transition value, the
electrothermal shape memory spring outputs pressure and
pushes the friction disc to squeeze the active disc. The MRF
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device adds the squeezing working mode with a compact  are placed in a casing that can axially slide, which allows a good
structure, but the operating time of this mode is limited by  shielding from the magnetic flux in the off mode. Permanent
temperature. In 2020, with the aim to reduce chattering, an  magnets are conducted to mechanically excite the device, offering
MREF clutch-brake was proposed, as shown in Figure 6B  simplicity and a reliable operation. However, the magnetic field
(Binyet and Chang, 2020). In this device, permanent magnets  gradient on the surface of permanent magnets is large and the
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magnetization of MRF is not uniform. In addition, MRF after
magnetization and the permanent magnets are magnetically
attractive, thus a large force is required to separate them. To
improve durability, a magnetic screw pump was studied to
promote fluid mixing within an MRF clutch, shown in
Figure 6C (Pilon et al., 2020). Instead of having solid flights,
the screw flights are made of 3D structures of MRF formed by the
concentration of the magnetic field lines around helical grooves.
From durability test results, the specific structure can increase
durability by up to 42% when compared to a standard MRF based
clutch.

MAGNETORHEOLOGICAL FLUID
DAMPERS AND MOUNTS IN ENGINEERING
APPLICATIONS

As a new type of mechanical device, MRF dampers and mounts
have the ability to provide variable damping (Xu et al., 2018b),
mitigate adverse vibration (Dong et al., 2018), and recycle kinetic
energy (Wang et al,, 2018), and play a key role in many fields (Ha
etal, 2018; Lv et al., 2020). For different engineering applications,
the development of high-performance MRF dampers and mounts
has always been a research hotspot, such as adjusting local
structure size, optimizing internal magnetic field, and updating
configuration design.

In 2018, based on the concept of functional integration, an
MREF device was proposed with controllable damping, energy
recovery, and velocity self-sensing, shown in Figure 7A (Bai et al.,
2018). In this device, a damping mechanism with MRF generates
torque, which is then translated to a linear damping force via a
ball screw. Cooperating with a permanent magnet rotor and

generator stator, the ball screw converts the mechanical energy to
an electrical energy for storage or directly to power
electromagnetic coils. To reduce harmfulness from an
overshoot to a buffered object, an MRF energy absorber, as a
controllable damper, was presented and is shown in Figure 7B (Li
Z. Q. et al, 2018). In the device, a structure configuration of a
central drain hole is designed on the inner plate to share the drop
pressure of MRF and cannot be affected by the magnetic field.
However, the design forms a straight flow channel of MRF, which
limits the increase of the damping force. To have a better
vibration isolation effect, an MRF damper was designed by
utilizing multiple electromagnetic poles integrated in the
cylinder, shown in Figure 7C (Liu et al., 2018). In the MRF
damper, the magnetic flux density in the annular flow channel is
effectively increased compared with that of the traditional
channel, and the multi-pole structure could minimize the
dimension of the piston to improve the active area for a great
dynamic range of the damping force. Although the device reduces
the volume of the piston and MREF, it increases the size and
number of coils, and does not decrease the overall weight.
Furthermore, an internal bypass MRF shock absorber was
proposed for vibration control of high-speed, and is shown in
Figure 7D (Bai et al., 2019). The MRF device consists mainly of
the inner and outer coaxially arranged cylinders and one piston.
Five electromagnetic coils wound on the outer wall of the inner
cylinder increase work length of the fluid gap, and the decoupling
windings from the piston effectively improve the stroke of the
damper. As the inner cylinder is constrained mainly by the MRF
and piston, when the center of inner cylinder is shifted from the
axis of the device, the movement of the piston rod may be
affected, and the outer cylinder can be damaged. Moreover, to
optimize the response time of the damper, an MRF damper with a
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response (Yoon et al., 2019). (D) Bi-directional liquid spring MRF damper (Maus and Gordaninejad, 2019). (E) MRF damper with two chamber damping units (Deng H. X.
et al., 2019).

permanent magnet was proposed, and is shown in Figure 7E (Lee
and Choi, 2019). Using ferromagnetic and paramagnetic sidebars
shaped by a rectangular column, the step input of the damping
force is achieved by the structure design of the
magnetization area.

In 2019, an MRF damper, shown in Figure 8A, was proposed
for the lunar lander, which can absorb the impact energy from
complex landing surfaces (Wang C. et al., 2019). In the device, a
combined structure of master and bypass cylinders is designed,
where the master cylinder is connected with the piston rod to
receive the external impact; the bypass cylinder with coils adjusts
the flow viscosity of MRF to change damping. Thus, the MRF in
the damper has a definite flow circuit, and damping control is
reliable. Furthermore, an MRF damper with a pinch mode was
proposed, where a triangle-shaped nonmagnetic spacer is
designed to separate the magnetic core and to generate
undulating magnetic field lines, shown in Figure 8B (Lee
et al.,, 2019). Utilizing the magnetic field circuit, a pinch mode
is formed in the annular MRF damper, and the pinch effect is
verified in experiments. To realize a fast response, an MRF
damper was designed and is shown in Figure 8C (Yoon et al,,
2019; Yoon D. S. et al, 2020). A soft magnetic composite is
selected as the core material and the inner surface of the housing
is machined with grooves. Through these improvements, the
eddy current effect on response time is reduced in the MRF
device. In addition, a bi-directional liquid spring damper with
MRF was presented and is shown in Figure 8D (Maus and
Gordaninejad, 2019). The device with a two-chamber design
has equal or dissimilar spring rates in compression and
rebound, and the spring rate can also be pre-set independently

in both compression and rebound. Because of the two-chamber
structure, the sealing area of MRF needs to be increased relatively.
Based on the combined operation mode, MRF dampers with an
inner and outer chamber damping units were presented (Deng H.
X. et al,, 2019; Huang et al., 2019). The inner chamber damping
unit is connected to a vibrating object, while the outer is
connected to a spring, and is shown in Figure 8E. Specifically,
the inner unit is set as the piston rod of the outer unit, and outer
coil is wound around the outer wall of the inner unit. The
combined operation mode effectively expands the control
range of the damping force and the stroke range of the piston
rod. However, as the damping force is regulated jointly by the
spring and MREF, the accurate output of the device is more
complicated.

In 2020, aiming to reduce the sedimentation of MRF, a damper
shown in Figure 9A was designed (Huang et al., 2020). In this
device, a permanent magnet is embedded in the piston to drive
particles back and forth, and a conductive strip is disposed to
monitor particle chains of MRF for a sedimentation amount. On
the other hand, the permanent magnet also enhances the
resistance of the piston during normal movement and
increases the energy consumption. To realize a huge range
change of the damping force, an MRF damper with a squeeze
and valve mode was presented, and is shown in Figure 9B (Ruan
etal., 2020). In this device, the piston has an internal channel that
divides MRF into three parts. With the movement of the piston,
MREF has squeeze and valve working modes at the same time.
Furthermore, a bypass MRF damper was proposed with a
serpentine flux valve type, and is shown in Figure 9C (Idris
et al., 2020). The valve of MRF is connected to a cylinder in the
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same center axis but is not attached to the piston. So, the device
has a larger dynamic range and is less bulky than conventional
structures. Moreover, to reuse vibration energy and to simplify
the structure, a self-powered MRF damper was proposed for
washing machines (Bui et al., 2020). The device integrates an
energy-harvesting technology, where induced power from
induction coils is directly transmitted to excitation coils of the
damper to generate a corresponding damping force, as shown in
Figure 9D.

In addition, some other MRF dampers, mounts, and absorbers
with a vibration reduction effect have been studied and optimized
in key positions to effectively improve the working performance.
These MRF devices are also summarized for corresponding
improved methods, as shown in Table 3.

MAGNETORHEOLOGICAL FLUID BASED
DEVICES IN MEDICAL APPLICATIONS

With the development of remote surgery and robot-assisted
equipment, the MRF plays an increasingly important role in
the medical field. The MRF is mainly applied in two
aspects—tactile feedback devices and medical wearable
rehabilitation devices. The research results obtained between
2018 and 2020, are briefly summarized in Table 4.

Using MRF to simulate the feedback of different environments
and to provide operators with real tactile experience are currently
hot research topics. In 2018, for surgical robotic applications, a
force generator module with MRF was developed to provide
force-feedback information (Shokrollahi et al., 2020). The device,
shown in Figure 104, is capable of rapidly re-producing forces

generated in tele-robotic bone biopsy procedures and provides a
wide range of force measurements. However, it is difficult to
simulate all the stress ranges only using MRF in the areas where
the hardness changes greatly between bone and soft tissue. In
2019, an MRF spherical actuator with haptic feedback was
proposed to the applications of joysticks (Chen D. P. et al,
2019). The actuator, shown in Figure 10B, has a special stator
that replaces the traditional single coil with eight separate coils
and magnetic circuits, which can achieve control of forces in
different interaction directions. Furthermore, an endovascular
catheterization system shown in Figure 10C was proposed, which
consists of a master device and a slave device (Yin et al., 2018; Guo
et al., 2019). In the slave device, the catheter moves in the blood
vessel and sends real resistance obtained by the sensor to the
master device. The master device uses MRF to simulate the
resistance, thus giving the remote physician a realistic sense
and improving the safety of surgery. This master device
provides an approximate damping environment, but in a
particular direction, the variation of damping is not very
differentiated. Similarly, to realize a certain stiffness and
damping properties of human tissue, a controllable tactile
device was designed, where MRF was immersed into porous
polyurethane foam and sealed by adhesive tape (Park et al., 2020).
The device, shown in Figure 10D, can capture several different
repulsive forces of human organs generated at an operating site in
minimally invasive surgery and can improve the real tactile
sensing of the remote doctor.

Moreover, MRF also has many new applications in medical
rehabilitation equipment. In 2018, a prosthetic knee with a novel
MRE brake was proposed, assisting humans to realize normal gait
movement (Mousavi and Sayyaadi, 2018). The MRF brake,
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TABLE 3 | Other MRF dampers, mounts and absorbers in 2018-2020.

No

1

~

(e BN OO

13
14

15
16
17

18
19

20
21

22

23

24

25
26

References
Xin et al. (2018)
Chen C. et al. (2018)

Urkucu and Keles (2018)
Deng et al. (2018)

Xu et al. (2018a)
Cheng et al. (2018)
Sassi et al. (2018)
Yang et al. (2019)

Ning et al. (2019)
Oh and Choi (2019)

Chen B. et al. (2019)
Zhang J. L. et al. (2019)

Christie et al. (2019a)
Ouyang et al. (2019)

Desai et al. (2019)
Han et al. (2019)
Qiang et al. (2019)

Deng L. et al. (2019)
Kim et al. (2020)

Kang et al. (2020)
Zhong et al. (2020)

Wei et al. (2020)

Zareie et al. (2019), Zareie and Zabihollah (2020),
Zareie et al. (2020)

Zhang X. J. et al. (2020)

Elsaady et al. (2020b)
Zhao et al. (2020)

Type

Piston type damper with shear-flow
mode
Piston type damper with flow mode

Mount with flow mode

Non-piston type damper with shear
mode

Piston type damper with flow mode
Piston type damper with flow mode
Piston type damper with flow mode
Piston type damper with flow mode

Rotor type damper with shear mode
Piston type damper with flow mode

Two-dimensional plate type damper
with shear mode
Disc type damper with shear mode

Disc type damper with shear mode
Piston type damper with flow mode

Piston type damper with flow mode
Piston type damper with flow mode
Disc type damper with shear mode

Combined dampers with shear mode
Piston type damper with shear mode

Piston type damper with flow mode
Integrated shock absorber with flow
and shear mode

Blade valve type damper with flow
mode

SMA MRF type damper with flow mode

Piston type damper with squeeze
mode

Piston type damper with flow mode
Piston type damper with flow mode

Structural Configuration of MR Fluid-Based-Devices

Improved method

Presenting a double-ended damping structure to reduce the random
vibration of pipeline

Converting wasted mechanical energy into useful electrical energy to
power damper itself

Comparing two decoupled plates with slots and holes in MR mount
Replacing piston with a suspension rod and realizing unlimited work
stroke

Utilizing two dis-springs to re-left itself

Using meandering magnetic circuit to improve damping performance
Placing excitation current and magnetic field outside the damper
Adding an aluminum slider to reduce the unbalance of damper rod and
avoid magnetic leakage

Proposing a variable admittance concept

Comparing two different dampers, with and without orifice holes in the
piston

Optimizing structure design parameters

Utilizing the coil with trapezoidal cross section to improve magnetic field
distribution

Optimizing structure design parameters

Adopting multi-stage parallel coil structure to realize various magnetic
field variations

Optimizing magnetic field of twin-tube structure

Investigating different pole length and different number of magnetic cores
Using ultrasonic field to reduce the angular momentum losses of device
without magnetic field

Assembling drum-type damper and disc-type damper

Utilizing ferromagnetic and paramagnetic materials to adjust damping
coefficient

Optimizing structure design parameters

Combining inerter, damper and spiral spring to realize adjustable
inertance and damping characteristics

Combining blade and two MR valves with parallel plate damping channel
in compact structure

Proposing a structural control element for high performance of control
system

Integrating the characteristics of pumping hydraulic damper and MR
valve with squeeze mode

Optimizing magnetic field distribution

Integrating four axial fan-shaped magnetic poles on magnetic core to
enhance output performance

TABLE 4 | Main applications of MRF in the medical field in 2018-2020.

No

= O 0 ~NOO O~ WN =

o

shown in Figure 11A, has a T-shaped drum with an arc form
surface boundary, which can meet the requirements for flexible
variation of the braking torque. To enhance the rehabilitation of
the human shoulder and upper limb, a multi-freedom MRF based
damper with a ball-and-socket structure was proposed (Wahed

References

Shokrollahi et al. (2020)
Chen D. P. et al. (2019)

Guo et al. (2019)

Park et al. (2020)

Mousavi and Sayyaadi (2018)
Wahed and Balkhoyor (2018)

Chen Z. P. et al. (2018), Chen et al. (2019a, 2019b)

Oba et al. (2019)
Christie et al. (2019b)
Zahedi et al. (2020)

Application

Robotic bone biopsy device with haptic feedback
Muilti-direction spherical actuator for haptic applications
Endovascular catheterization system with haptic force feedback
Simulated human tissues with controllable tactile forces

MRF brake with drum of arc form surface for prosthetic knee
Prosthetic joints with MRF damper of ball-and-socket structure

Microneedle arrays for minimally invasive surgery, transdermal drug delivery and smart wearable equipment

Semi-active ankle-foot orthosis with MRF link mechanism
Prosthetic leg with MRF damper of T-shaped drum
Soft exoskeleton with MRF damper to suppress pathological tremor

and Balkhoyor, 2018; Wahed and Wang, 2019). The new damper
shown in Figure 11B can effectively simulate the motion of
human joints and provides a rehabilitation training environment.
Further, the device can refine the design of damping forces in
different directions to realize the control of damping variation in
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multi-directions. Furthermore, using a drawing lithography
approach, some MRF microneedles were fabricated for
minimally invasive surgery, transdermal drug delivery, and
smart wearable equipment (Chen Z. P. et al,, 2018; Chen et al.
2019a; Chen et al., 2019b). In a gradient magnetic field, the MRF
is magnetized and generates fusiform patterns, which results in
different forms of microneedle arrays after heating and
solidifying, as shown in Figure 10C. The MRF microneedles
are cheaper and simpler to produce than traditional precision
machining. With the aim to prevent paralysis and gait

abnormalities affecting human ankle joints, a semi-active
ankle-foot orthosis with an MRF link mechanism was
designed (Oba et al,, 2019). The MRF device, combined with a
compression spring, can mitigate foot slap and toe drag during
different phases of movement, as shown in Figure 11D. Similarly,
for movement recovery, an MRF variable stiffness leg was
designed to improve energy efficiency and gait stability
(Christie et al., 2019b). The device, shown in Figure 11E, is
housed in the lower leg section, whose output shaft is linked to the
upper leg section. When the coil current is zero, the leg has a soft
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single spring stiffness, while huge damping torque is achieved
under a large input current. Therefore, the device has a relatively
wide range of damping variation. Moreover, based on the assistive
technologies, a novel soft exoskeleton with MRF damper was
proposed to suppress pathological tremor (Zahedi et al., 2020).
The MRF damper connected with a flexible elliptic spring can
assist in suppressing tremor of the wrist joint in 3 ° of freedom
with varying intensity, as shown in Figure 11F. This device
prevents wrist tremor with a less constrained area on the hand
surface, which thus reduces the suppression effect of a small
amplitude tremor.

CONCLUSION AND PROSPECTIVE

According to different structure configurations, MRF based
devices reported from 2018 to 2020 are investigated in this
work, including MRF brakes, MRF clutches, MRF dampers
and mounts for engineering applications, and other new
devices for medical applications. In terms of the literature
presented above, improvement methods are mainly
concentrated in the following ways: Use of multiple coils or
magnetic poles to enhance magnetic field strength; Improving
the combination of braking structure and active structure to
increase the effective contact area of MRF; Replacing the coil with
a permanent magnet, or adjusting the size and position of the
permanent magnet to improve working performance; Optimizing
the magnetic circuit to improve the utilization ratio of the
magnetic field; Changing the position of the magnetic field in
the working process to avoid settling of MRF or reducing the zero
field viscosity. There have been many successful applications that
have come from these improvements, but some problems still
need to be addressed. By adding coils and magnetic poles, the
volume and weight of devices can be larger, which is not easy to
disassemble and cost may also be increased. Furthermore, when
the working area of MRF is enlarged, the wear is relatively
enhanced and the working temperature is also increased, so
the rheological property is decreased. By adopting a bypass or
extension structure, the output range of devices is extended, but
the response time and maximum output force needs to be
balanced. In addition, when the MRF is applied in haptic
devices, it is still limited to simulating the feedback forces that
are in different directions at the same time or one direction with
large variation gradient.

In light of the practical application requirements, some
development directions are proposed for MRF based devices.
The combination of working modes in a limited volume may play
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The interface between the particles and the carrier fluids has an important influence
on the performance of magnetorheological fluid (MRF). In this study, ionic liquids and
silicone oils with the same viscosity and different surface tensions were used as carrier
fluids to prepare two different carbonyl iron powder (CIP) magnetorheological fluids.
The rheological properties of the two magnetorheological fluids were evaluated by the
MCR301 rotating rheometer. The experimental results indicate that ionic liquid-based
MRF showed higher shear yield strength and more significant MR effect than silicone
oil-based ones in higher magnetic field strength. A possible explanation was proposed
and proved through experimental data analysis.

Keywords: magnetorheological fluids, ionic liquid, interface, MR effect, shear stress

INTRODUCTION

Magnetorheological fluid (MRF) is an intelligent suspension that responds to a magnetic field (de
Vicente et al., 2011; Xu et al., 2011; Ahamed et al., 2018). Its special feature is that under an external
magnetic field, the originally flowing liquid can be transformed into a solid-like state, and when
the magnetic field is removed, the original flow state can be restored (Carlson and Jolly, 2000).
Such characteristics make MRF have broad application prospects in various fields such as smart
dampers, magnetic control clutches, and drug delivery (Olabi and Grunwald, 2007; Harris, 2011;
Oh et al,, 2013; Han et al., 2014; Najmaei, 2014; Phu and Choi, 2019). MRF is mainly composed of
soft magnetic particles and non-magnetic carrier fluid. The most mature one is the combination of
silicone oil and BASF’s carbonyl iron powder (CIP) (Carlson et al., 1996). Improving the shear yield
strength of MRF is an important research direction for its application. Although many studies in
recent years have shown that special particle morphology can improve the overall performance of
MRE (Tong et al., 2017; Xia et al., 2017; Wang et al., 2019; Han et al., 2020), due to the cheap price
and high saturation magnetization, CIP is still the mainstay in actual use.

The MR effect is mainly attributed to the field-induced magnetization of the dispersing particles.
When a magnetic field is applied, the magnetized particles attract one anther along the field
direction and form chains or even columns (Jolly et al., 1996; Morillas and de Vicente, 2019).
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As a result, the suspension cannot flow until the applying shear
stress reaches a critical value, which is defined as the yield stress.
Increasing the shear yield strength of MRF from the carrier fluid
has also been studied (Bossis et al., 2002; de Vicente et al., 2011;
Ashtiani et al., 2015). Although the performance of MRF can be
improved by using some special carrier fluids, the mechanism is
still not very clear and cannot guide the development of new MRF
with excellent performance.

Through previous research, it is found that the interface
between the magnetic particle and the carrier liquid is an
important factor affecting its performance. The performance of
MREF can be improved by improving the two-phase interface.
The traditional method of using surfactants to change the
interface will complicate the composition of the rheological fluid,
and cannot distinguish its influencing factors and effects well.
Although ionic liquids have been used as carrier fluids for MRF
(Guerrero-Sanchez et al.,, 2007; Gomez-Ramirez et al., 2011;
Jonkkdri et al,, 2014; Bombard et al., 2015), few people have
noticed that although its viscosity is similar to that of silicone
oil, its surface tension is higher than that of silicone oil. This
will bring different interface effects. In this article, we will use
ionic liquid as the carrier fluid of MRF to test the performance of
ionic liquid-based MRF, and analyze the influence of interfacial
on MRF performance by comparing with silicone oil-based MRF.

EXPERIMENTAL
Preparation of MR Fluid

MR fluids were prepared through a typical preparation process
(Tong et al., 2017). Silicone oil (bought from Beijing Hangping
silicon and chemical Co., Ltd., 0.5 Pa-s) and 1-octyl-3-
methylimidazole tetrafluoroborate (ionic liquid, bought from
Linzhou Keneng Material Technology Co., Ltd., 0.44 Pa-s) were
used as the carrier liquid. The value of surface tension of silicone
oil is 15.9-21 mN/m and that of ionic liquid is 25-45 mN/m.
Commercial CN carbonyl iron powder (BASF) was selected as
the dispersed phase. They were named as SO-MRF and IL-MRF
for short in the following text. The concentration of the two
MR fluids were 20% in volume function. All reagents were of
analytical grade and used without further purification.

Evaluation of MR Fluids

The magnetorheological properties of MR fluids were measured
by a Physica MCR301 rheometer (Anton Paar, Austria) equipped
with a magnetorheological module (MRD180). The rheometer
can apply different magnetic fields on the parallel plate system
(PP20) by changing the direct current. The test gap was 1
mm. The shear yield strength and viscosity of MRF were tested
in steady-state shear mode. Tested the curve of shear stress
increasing linearly with shear rate from 10 to 100 s~! under
different magnetic fields. The response curve of MRF with
magnetic field changes at a shear rate of 1 s™! was tested. The
variation curves of MRF modulus with shear strain amplitude
(0.01-100%) and applied magnetic field (0-436 kA-m~') were
tested through the oscillating shear mode. All the tests were
taken at 25°C.

RESULTS AND DISCUSSION

The shear yield strength of MRF is an important criterion
for evaluating its performance. For MRE, the high shear yield
strength reflects its higher MR effect, which is very beneficial for
the application of MRF. Figure 1 is the curve of the shear yield
strength of two MRFs as a function of the magnetic field strength
(obtained by fitting the results in Supplementary Figure S1 with
Bingham model). The shear yield strength of the two MRFs in
the figure increased with the increase of the test magnetic field
strength, showing a typical MR effect. It can be clearly seen from
the figure that IL-MRF has a higher shear yield strength, which
shows that it has a higher MR effect. It is particularly worth noting
that under higher magnetic field strength, the difference in shear
yield strength of the two MRFs is further enlarged. Because the
same CIP was used as the dispersed phase, the only difference in
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FIGURE 1 | Dependence of yield stress of SO-MRF and IL-MRF on magnetic
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MREF was the carrier liquid. Then the performance improvement
of IL-MRF has an important relationship with the ionic liquid.
The reasons for the improved performance will be analyzed by
studying the viscosity of the two MRFs.

Figure 2 is the dependence of viscosity of SO-MRF and
IL-MRF on shear rate at zero field. The viscosity of the two
magnetorheological fluids decreased as the shear rate increased,
showing a typical shear thinning effect. In the zero field, it
can be seen that the viscosity of SO-MREF is higher than that
of IL-MRF. This is because the viscosity of silicone oil is
higher than that of ionic liquid (Supplementary Figure S2).
Supplementary Figure S3 shows the viscosity of this two MRFs
under different magnetic field strength. Considering that their
values are relatively close, the relationship between the viscosity
and the magnetic field strength at a shear rate of 100 s~! (When
the shear rate is greater than 100 s~!, the viscosity is relatively
stable) was tested, as shown in Figure 3. In Figure 3, the viscosity

200 300 400

100
Magnetic field strength (kA-m™)

500

FIGURE 5 | Dependence of the storage modulus G” and loss modulus G” of
SO-MRF and IL-MRF on magnetic field at 0.01% stain amplitude and 10
rad-s~' angular frequency.

of the two MRFs increased with the increase of the magnetic field
strength, showing a typical MR effect. In a lower magnetic field,
since the viscosity of silicone oil is higher than that of ionic liquid,
the viscosity of SO-MREF is slightly higher than that of IL-MRF.
However, as the magnetic field strength increased, the viscosity
increase rate of IL-MRF is higher than that of SO-MRF. Under a
higher magnetic field, the viscosity of IL-MREF is higher than that
of SO-MREF. This interesting phenomenon is inseparable from the
higher surface tension of ionic liquids (Wasserscheid and Keim,
2000). Unlike the larger molecules of silicone oil, there are small
ion fragments in ionic liquids, and its larger surface tension is
related to this special ion fragment. We believe that these ion
fragments are small relative to the particle size of CIP, so they
are easily adsorbed on the surface of CIP to form an ion layer,
like showing in Figure 4. This ion layer approaches each other
when the particles are approached by the magnetic field. The
van der Waals force between them will enhance the interaction
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FIGURE 4 | Imaginary schematic diagram of the interface of SO-MRF and IL-MRF.
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between the particles, thus forming a more stable structure, which
ultimately makes IL-MRF have a higher shear yield strength
and higher viscosity. This enhancement effect is amplified as
the distance between particles decreases. However, it is difficult
to directly observe this layer of ion fragments. Therefore, we
indirectly prove our guess by analyzing the structural stability
of the two MRFs.

The modulus of MRF can reflect the stability of its structure.
From Supplementary Figure S4, we determined the linear
viscoelastic region of the two MRFs, and selected the strain
amplitude of 0.01% and the angular frequency of 10 rad-s~ ! as the
test conditions to test the dependence of the modulus of SO-MRF
and IL-MRF on different magnetic fields. The results in Figure 5
show that the storage modulus G’ of IL-MRF is higher than that of
SO-MRE, and its loss modulus G” is lower than that of SO-MRF,
which indicates that the structure formed by CIP in IL-MREF is
more stable. As other conditions are the same, this proves our
previous guess that the special properties of ionic liquids enhance
the interaction between particles to improve the performance of
MRE. Of course, to prove this conjecture, more experiments, such
as computational simulations, are needed.

CONCLUSION

In this research, an ionic liquid-based magnetorheological fluid
was produced and its performance was analyzed through testing.
Experimental results showed that the shear yield strength of
IL-MRF was significantly improved in higher magnetic field
strength. The ion fragments in the ionic liquid would form an
ion layer on the surface of the particles to improve the interaction
between the particles and enhance the MR effect of IL-MRF under
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This article investigates the influence of frequency on the field-dependent non-linear
rheology of magnetorheological (MR) grease under large amplitude oscillatory shear
(LAOS). First, the LAOS tests with different driving frequencies were conducted on MR
grease at four magnetic fields, and the storage and loss moduli under the frequency
of 0.1, 0.5, 1, and 5 Hz were compared to obtain an overall understanding of the
frequency-dependent viscoelastic behavior of MR grease. Based on this, the three-
dimensional (3D) Lissajous curves and decomposed stress curves under two typical
frequencies were depicted to provide the non-linear elastic and viscous behavior.
Finally, the elastic and viscous measures containing higher harmonics from Fourier
transform (FT)-Chebyshev analysis were used to quantitatively interpret the influence
of the frequency on the non-linear rheology of MR grease, namely, strain stiffening
(softening) and shear thickening (thinning), under LAOS with different magnetic fields.
It was found that, under the application of the magnetic field, the onset of the non-
linear behavior of MR grease was frequency-dependent. However, when the shear strain
amplitude increased in the post-yield region, the non-linear rheology of MRG-70 was not
affected by the oscillatory frequency.

Keywords: MR grease, non-linear rheology, frequency, large amplitude oscillatory shear, field

INTRODUCTION

Magnetorheological (MR) grease is a kind of magneto-induced smart material that is normally
prepared by dispersing magnetic particles in grease matrix. With the utilization of viscoelastic
continuous phases, i.e., grease matrix, MR grease can effectively avoid the sedimentation problem
of magnetic particles, which often occurred in conventional MR fluid. So far, MR grease has been
used in the application of many MR devices, namely MR damper (Shiraishi et al., 2011; Sakurai
and Morishita, 2017), MR clutch (Kavlicoglu et al., 2015), MR brake (Sukhwani and Hirani, 2008),
and MR engine mount (Sarkar et al., 2015). By comparing conventional MR devices using MR
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fluid, the MR grease device can maintain good settlement stability
for along period of time. In addition, considering the lubricating
properties of the grease matrix, it can reduce the wear and tear of
the moving parts of the devices and increase life, which eventually
will reduce the maintenance cost in the long run. In the operation
of MR devices, the internal MR grease usually works in the
shear mode, which mainly includes steady shear and oscillatory
shear (Zhang et al., 2019, 2020; Li et al., 2020). Therefore, it is
necessary to conduct investigations on the rheological properties
of MR grease under steady shear and oscillatory shear, which can
provide insight and understanding for the design and application
of MR grease devices.

To date, the rheology of MR grease under steady shear and
oscillatory shear was studied by a number of researchers. For
steady shear, researchers mainly focused on the dependence
of rheological parameters, namely viscosity, yield stress, the
magnetic field, shear rate, and temperature. Sahin et al. (2007)
studied the yield stress and viscosity of MR grease under
steady shear and compared them with the results obtained
using conventional silicon-based MR fluid. They found that
the yield stress of MR grease is higher than that of the
traditional MR fluid, which is at the expense of increased
off-state viscosity of MR grease (Sahin et al., 2007). Park
et al. investigated the flow curve responses of MR grease with
different external magnetic fields under steady shear. They
indicated that MR grease presents the properties of Bingham
fluid under the application of the magnetic field (Park et al,
2011). Mohamad et al. (2018) examined the field-dependent
rheology of MR grease with platelike particles. They found
that the platelike carbonyl iron (CI)-based MR grease can
provide higher yield stress than spherical particle-based MR
grease at a low magnetic field with a low weight fraction
of particles (Mohamad et al,, 2018). Wang et al. (2019a,b,c)
investigated the temperature-dependent rheology of MR grease
under steady shear. They demonstrated that the influence
of temperature on the rheological properties of MR grease
decreased with the magnetic field (Wang et al., 2019a,b,c).
For oscillatory shear, the main focus is the influence of the
magnetic field, oscillatory shear strain, and frequency on the
dynamic parameters, such as storage/loss modulus and loss
factor. Rankin et al. (1999) tested the storage modulus of
MR grease under a series of the strain sweep tests. They
found that the storage modulus of MR grease under the small
strain amplitude is time-dependent (Rankin et al., 1999). Park
et al. (2011) studied the influence of oscillatory frequency on
storage and loss moduli under different magnetic fields. They
found that the storage and loss moduli are all independent
of frequency at a fixed magnetic field (Park et al, 2011).
Mohamad et al. (2016) tested the relationship between dynamic
parameters and oscillatory shear strain under different magnetic
fields. They concluded that the linear viscoelastic (LVE) range
(storage modulus independent of shear strain) of MR grease
is smaller compared with the MR gel, and the relative MR
effect of MR grease is larger than that of the MR fluid
(Mohamad et al., 2016). In addition, Mohamad et al. (2019a,b)
also investigated the field-dependent viscoelastic and transient
response of MR grease with different particle shapes. They

found that the shape of the CI particles (CIPs) has a significant
effect on the field-dependent behaviors of MR grease, e.g.,
the bidisperse MR grease with platelike CI particles exhibits
an increase in the initial apparent viscosity and the stiffness
property compared with MR grease with spherical particles only
(Mohamad et al., 2019a,b).

Although a lot of research was conducted on the rheological
properties of MR grease under steady shear and oscillatory
shear, the rheological study of MR grease under oscillatory
shear, especially large amplitude oscillatory shear (LAOS), is
yet to be fully explored. The reason is that the storage and
loss moduli, which are normally acquired from rheometer and
used to characterize the rheology of MR grease under oscillatory
shear, may not be sufficient to characterize the rheology of
MR grease under LAOS. As shown in a previous research,
under LAQOS, the shear strain amplitude that was applied on
MR grease enters into the non-linear range (Hyun et al,
2011). The response stress wave deviates from the sine wave
and contains higher harmonics. The output moduli from the
commercial rheometer, namely storage modulus (G’) and loss
modulus (G”), are the first harmonic moduli of the Fourier
transform of the response data (Wilhelm, 2002). This method that
ignores the contribution of higher modulus but only considers
the first harmonic modulus will inevitably result in the loss
of rich information when characterizing the rheology of MR
grease under LAOS.

Recently, we introduced a non-linear characterization
method, namely Fourier transform (FT)-Chebyshev analysis
(Wilhelm, 2002; Cho et al., 2005), which could detect the higher
harmonics triggered by LAOS. Compared with commonly
used approaches, namely elastic Lissajous curves, storage/loss
modulus, and FT analysis, we found that the FT-Chebyshev
analysis could provide more insight on non-linear viscoelastic
(NLVE) behavior of MR materials under LAOS. Subsequently,
we also utilized the FT-Chebyshev analysis to quantitatively
analyze the non-linearity of MR grease under different
strain amplitudes at a fixed frequency (Wang et al, 2020).
In addition to the oscillatory strain amplitude, frequency is
an important factor that affects the non-linear rheological
properties of MR grease. Exploring the influence of the
frequency on the non-linear behavior of MR grease is the
basis for the development of efficient control algorithms
in practical MR grease device applications. Thus, in this
article, we investigate the field-dependent non-linearity of MR
grease under LAOS at different driving frequencies. First, MR
grease with a 70% weight percentage of CIPs (MRG-70) is
prepared, and the LAOS test with different driving frequencies
is conducted on MR grease at four different magnetic fields.
Then, the storage and loss moduli at different frequencies
are compared. Later, the influence of the frequency on the
non-linear rheology is qualitatively analyzed by the three-
dimensional (3D) Lissajous curves and the stress decomposed
method. Finally, the elastic and viscous measures containing
higher harmonics from the FT-Chebyshev analysis under
different frequencies are calculated to further characterize the
field-dependent non-linear rheology under LAOS at different
driving frequencies.
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MATERIALS AND METHODS

Preparation of MR Grease

For this research, MR grease is composed of lithium-based
commercial grease and CIPs. The lithium-based commercial
grease (Gadus S2 V220, Shell Ltd., Zhuhai, China) has an NLGI
grade of 0, which presents the appearance of brown mustard.
The CIPs are obtained from BASF Ltd. (Ludwigshafen, Germany)
and have an average diameter of 6 um. We prepared MRG-70 in
this study. The preparation processes are as follows: first, 140 g
of CIPs and 60 g of commercial grease were weighed and put
into two different vials. Then, the commercial grease was stirred
at 500 rpm for 10 min at the temperature of 80°C. Finally, the
prepared CIPs were dispersed into the commercial grease with a
mechanical stirrer at 800 rpm until the grease and the CIPs form
a stable and homogeneous product.

Experiment Methods
Fibrous Structure Observation

Magnetorheological (MR) grease has almost no sedimentation
problem because of the fibrous structure of the grease matrix. The
microstructures of the grease matrix and MRG-70 were observed
with a scanning electron microscopy (SEM) (FEI, Quanta 250
FEG). As indicated in a previous study, lubricating greases are
highly structured colloidal dispersions consisting of a thickener
dispersed in the base oil (Wang et al., 2019a). Due to the influence
of the base oil, it is difficult to see the fibrous structures of
the untreated MR grease through SEM. Delgado et al. reported
the solvent infiltration method to extract the base (Delgado
et al., 2006). However, we found this method to be effective
only for the grease with a higher NLGI grade. In this article,
we used ultrasonic centrifugation to extract the base oil, which
mainly consists of three parts: (1) adding a small amount of
sample into the hexane and stirring it with a glass rod for 30 s;
(2) using ultrasonic dispersion for 5 min; and (3) centrifuging
for 2 min at 10,000 rpm and discarding the centrifugal fluid.
Repeating the above steps three times can provide the sample
without the base oil.

Rheological Test

The rheological tests of MR grease under LAOS were all carried
out using the MCR 302 rheometer (Anton Paar instrument,
Graz, Austria) in parallel-plate geometry with a diameter of
20 mm. In the experiment, 0.4 ml of MRG-70 was injected
into the gap between the upper parallel plate and the base.
The gap was kept constant at 1 mm throughout the test.
The temperature was always controlled at 25°C. In each
LAOS test, a series of sinusoidal strain waves with different
strain amplitudes and frequencies were performed at a fixed
magnetic field. The strain amplitude varies from 0.01 to 100%,
and the frequency is set as 0.1 and 1.0 Hz, respectively.
Two different magnetic fields, i.e., 0 and 391 kA/m, were
selected for this study. To obtain a homogeneous reproducible
test, the sample was pre-sheared under 1/s for 1 min and
stalled for 30 s before formal testing. LAOS experiments are

tested for at least 30 cycles to ensure the response stress
at a steady state.

Rheological Analysis of LAOS Data

To obtain the elastic and viscous measures, the LAOS data
analysis processes are performed as follows: first, the real-time
response stress was analyzed by the FT-Chebyshev analysis, and
then, the n-th order elastic and viscous moduli, i.e., G’ n and
G’ n, were calculated (Wilhelm, 2002). Second, according to
the analysis of the results provided by Ewoldt et al. (2008), the
elastic and viscous Chebyshev coeflicients, i.e., e, and vy, can be
calculated as follows:

en = Zn: ) Gn(—l)(”_l)/z

ua (1)

where n=1, 3,5... and w is the angular frequency of LAOS.
Then, the newly defined elastic and viscous measures can be
represented as:

. 4e3 — 4e5+-8e7+- - -
Tey 4 e3 +estest -

)

4v3 — 4vs+8vy+- - -
T =2 5 7

= (3)
V1 + vz + vs+vy+ - e

where S is the strain-stiffening ratio and T is the shear-
thickening ratio.

RESULTS AND DISCUSSION
Microstructure of MRG-70 and CIPs

Figure 1 shows the microstructures of the fresh MR grease
product, i.e., MRG-70, and its matrix, i.e., commercial grease.
Figure 1a shows the microstructure of the lithium-based grease
matrix Figure 1b shows the microstructure of MRG-70, and the
white point in the figure is the CIPs and the dark background
is the grease matrix. From Figures 1a,b, it is difficult to observe
the fibrous structure due to the influence of the base oil in
grease. Figures 1lc,d show the microstructures of the grease
and MRG-70 with the extracted base oil, respectively. From
Figure 1c, the obvious 3D fibrous structures can be observed.
Due to the function of that entangled fibrous structures, the
CIPs in MR grease are trapped when the external magnetic field
is not applied, which can effectively avoid the sedimentation
problem of conventional MR fluid. In Figure 1d, the red arrow
represents the CIP, and the green arrow represents the entangled
fibrous structures. The CIP entangled by the fibrous structures
can be observed.

Oscillatory Strain Sweep Under Different

Frequencies and Magnetic Fields
The oscillatory strain sweep is widely utilized to detect the
viscoelastic rheological behavior of MR materials. Based on
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FIGURE 1 | SEM images of (a) grease matrix and (b) MRG-70 without magnetic field. (c) and (d) microstructures of the grease and MRG-70 with the extracted
base oil, respectively. The red arrow shows the CIP, and the green arrow shows the entangled fibrous structures.

whether the storage and loss moduli response depends on the
input strain amplitude, the oscillatory strain sweep can be divided
into LVE and NLVE ranges (Upadhyay et al, 2013; Agirre-
Olabide et al., 2014). In the NLVE range, the stress response
normally contains higher harmonics than the input frequency.
The LVE moduli, i.e., G’ and G", are actually the real and
imaginary coefficients of the first harmonics (Wilhelm et al.,
2000). Figure 2 shows the field-dependent storage and loss
moduli which vary with shear strain amplitude under different
frequencies, ie., 0.1, 0.5, 1, and 5 Hz. Figures 2A,B show
that, irrespective of the frequency, the LVE range without the
magnetic field is wider than that with the magnetic field, e.g.,
the critical strain amplitude between LVE and NLVE is around
0.2% without the magnetic field. When the magnetic field is
applied, the critical strain amplitude decreases to about 0.08%.

This is because the stronger CIP chain and cluster structures
are formed in the direction of the magnetic field. In addition,
in the NLVE range, for MRG-70 with the magnetic field at the
fixed frequency of 0.1 Hz (see Figure 2A), both storage and
loss moduli monotonically decrease with the strain amplitude,
indicating the intercycle shear thinning behavior. When the
oscillatory frequency is higher than 0.1 Hz, i.e, 0.5, 1, and 5 Hz
(see Figures 2B-D), the storage modulus of MRG-70 with the
magnetic field still exhibits a monotonic decrease, while the loss
modulus presents a typical overshoot at the onset of the non-
linear, and this phenomenon is more pronounced at the higher
magnetic field, e.g., 391 kA/m. The reason for the above feature
may relate to the shear rate-dependent viscoelastic relaxation and
thixotropy of the CIPs chain structures induced by the external
magnetic field (Ghosh et al., 2019). Through the earlier analysis,
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it can be seen that, when the frequency rises from 0.1to 5 Hz,
MRG-70 mainly exhibits two viscoelastic characteristics, namely
strain thinning in which G’ and G" decrease in the NLVE range
at 0.1 Hz and weak strain overshoot in which G’ decreases but
G" increases, followed by a decrease in the NLVE range at the
frequencies of 0.5, 1, and 5 Hz. Thus, the following part of the
paper will focus on the behavior of MR grease at 0.1 and 1 Hz to
characterize the above frequency-dependent viscoelasticity under
LAOS with different magnetic fields. In summary, the viscoelastic
behavior of MRG-70 under the oscillatory shear can be divided
into three parts: the LVE part, the onset of the NLVE part, and
the post NLVE part. In the LVE part, the storage modulus was
maintained constantly due to the elastic deformation of the CIPs
structures. As the shear strain amplitude approached the yield
point, i.e., the onset of the NLVE part, the CIPs chain or cluster
structures start to rupture, resulting in the overshot behavior of
loss modulus which is closely related to the frequency and the
magnetic field. With the further increase in the strain amplitude,
loss modulus exceeds the storage modulus, indicating that MRG-
70 entered into the viscous flow that prevents viscous dominant.
At this time, the destruction of CIPs chain structures caused by

shear and rearrangement of CIPs induced the magnetic field to
reach an equilibrium state.

Field-Dependent Elastic and Viscous
Lissajous Curves

It is well known that the storage/loss modulus obtained
from the oscillatory strain sweep demonstrates the average
viscoelastic properties over different oscillation cycles, i.e.,
intercycle rheology. However, it is difficult to characterize the
viscoelastic properties within an oscillation cycle, especially when
the shear strain enters the non-linear regime, i.e., intracycle
non-linear rheology (Hyun et al, 2011). To characterize the
intracycle non-linear properties of MRG-70 under the LAOS
test, the dependence of the response stress on time, shear
strain, and shear rate within one cycle for two different strain
amplitudes at a fixed frequency of 1 Hz is depicted in Figure 3.
Figures 3A-D show the stress response and the FT-Chebyhev
analysis of MRG-70 under the oscillatory shear with the strain
amplitude in the linear regime, ie., 0.1%. In this study, the
response stress of MRG-70 remained in a standard sinusoidal
waveform (Figure 3A). The elastic Lissajous curve shown in
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FIGURE 3 | (A,E) represent the dependence of input strain and response stress on time. (B,F) show the Lissajous curves of the shear stress that varies with the
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Figure 3B presented an elliptical shape where the tangent slope
at zero strain is equal to the storage modulus, ie., G, and
the area of the curve is proportional to the loss modulus, i.e.,
G". The above linear response can also be confirmed by the
results of FT-Chebyshev analysis where the relative intensity
from higher harmonics (n > 3) is equal to 0 (Figure 3D).
However, when the shear strain amplitude increased into the
non-linear regime, e.g., 10%, as shown in Figures 3E-H, the
time-history curve of the response stress shown in Figure 3E
deviated from the sinusoidal waveform. In the present study, the
elastic and viscous Lissajous curves were all distorted, indicating
the intracycle non-linearities of strain stiffening and shear
thinning, respectively. In this case, the contribution from higher-
order harmonics was detected by the FT-Chebyshev analysis
(Figure 3H). By comparing the stress response of MRG-70
under different shear strain amplitudes, i.e., 0.1 and 10%, it can
be concluded that the non-linearity of MRG-70 was strongly
dependent on the strain amplitude. In the following section,
the strain dependence of the non-linearity for MRG-70 under
different frequencies is discussed.

In the 3D Lissajous curve at a fixed shear strain amplitude,
the maximum instantaneous shear strain corresponds to the
minimum instantaneous shear rate, e.g., when y (£) = vy,
the shear rate is equal to 0. Similarly, when y (t) = 0, the
instantaneous shear rate reaches the maximum, i.e., = yoo.
As the shear strain amplitude varies, the intracycle stress at
the maximum instantaneous shear strain (shear rate), which is
shown in the shear strain (shear rate) domain, i.e., elastic and
viscous Lissajous curves, changes, and its location, can be used
to characterize the elastic and viscous contribution (Goudoulas
and Germann, 2019a,b). Figure 4 depicts the comparison of the
3D Lissajous curves under different shear strain amplitudes, i.e.,
0.01, 1, 10, and 100% at a fixed frequency of 1 Hz. At sufficient
small strain amplitude shown in Figure 4A, i.e., 0.01%, the area
of the elastic Lissajous (curve the green line in Figure 4A) tends
to be very small, and MRG-70 has the maximum intracycle stress
at yo. On the other hand, the intracycle stress at the maximum
shear rate, i.e., = ypw, in the approaches of the corresponding
viscous Lissajous (curves the blue line in Figure 3A) was 0.
This demonstrates that, at sufficient small strain amplitude, the
viscous contribution is 0, and MRG-70 only presents elasticity
during the oscillatory shear. With the further increase in shear
strain amplitude, i.e., 1 and 10% (Figures 4B,C), the area of the
elastic Lissajous curves rapidly increases and the intracycle stress
at the maximum shear rate increases between 0 and maximum
stress, indicating the emergence of the viscous contribution.
Thus, MRG-70 at the medium shear strain amplitude showed
the viscoelastic behavior composed of elastic deformation and
viscous dissipation. When the shear strain amplitude increased
to a large value, i.e., 100%, the elastic Lissajous curves showed
a shape of quadrilateral that represents the typical flow-induced
structure of MRG-70 under oscillatory shear with 100% strain
(Goudoulas and Germann, 2019a). Besides, the intracycle stress at
the maximum shear rate in the approaches of the corresponding
viscous Lissajous curves increased to the maximum value,
indicating that the non-linearity of MRG-70 at 100% comes
mainly from the viscous flow. In summary, the contribution of

the viscous part to the non-linearity of MRG-70 was highly strain
amplitude-dependent.

To provide a further qualitative analysis on the effect of
frequency and the magnetic field on the non-linear rheology
of MRG-70 under LAOS, the field-dependent elastic and
viscous Lissajous curves under LAOS with two typical driving
frequencies are shown in Figures 5-8. The left and right columns
in Figures 5-8 represent the elastic and viscous Lissajous
curves, respectively, in which the red dash lines represent the
corresponding decomposed shear stress, i.e., the intracycle elastic
and viscous stress. From Figure 5, without the magnetic field,
the Lissajous curves under the oscillatory frequency of 0.1 Hz
maintained linear behavior up to 4% shear strain. This is further
validated by the decomposed elastic and viscous stress that
linearly increased with instantaneous intracycle shear strain and
rate, respectively. However, as the oscillatory frequency increases
to 1 Hz, the critical shear strain from linearity to non-linearity
was decreased, i.e., around 1%, which demonstrated that the
onset of the non-linear behavior was frequency-dependent. On
the other hand, when the shear strain amplitude increased into
the non-linear regime, the non-linearities seem to be less affected
by the frequency, i.e., at frequencies of 0.1 and 1 Hz, and the non-
linearities of MRG-70 show the combination of strain stiffening
of elastic stress and shear thinning for energy dissipation, which
is confirmed by the upturn of the decomposed elastic stress and
the downturn of the decomposed viscous stress. In addition, as
the shear strain amplitude increased to a large value, e.g., 100%,
the contribution of the elastic stress to the non-linearity was kept
constant over a wide range of the oscillatory shear. For example,
from the elastic Lissajous curves at 100% shear strain amplitude
shown in Figure 5, the decomposed elastic stress linearly changed
with the instantaneous intracycle shear strain between — 90 and
90%. When the instantaneous intracycle shear strain approached
the maximum value, i.e., 100%, the decomposed elastic stress
presented a sharp increase. However, the similar behavior was not
appeared in the decomposed viscous stress, in which the slope of
that curve slowly changed over the whole oscillatory shear.

Figures 6, 7 show the frequency-dependent elastic and viscous
Lissajous curves under the small and medium magnetic fields,
ie, 96 and 194 kA/m, respectively. Different from MRG-70
without the magnetic field, when the magnetic field, i.e., 96 or
194 kA/m, is applied, the elastic Lissajous curves of MRG-70
deviated from the elliptical shape at the strain amplitude of
1% due to the arrangement of the CIPs along the direction of
the magnetic field, indicating that the LVE range was magnetic
field-dependent. Moreover, in the NLVE range, the elastic and
viscous Lissajous curves were observed to be less affected by
the frequency when the shear strain amplitude increased from
1 to 10%. With the further increase in the strain amplitude,
the shape of the elastic and Lissajous curves exhibited a strong
frequency dependency. For example, at the shear strain amplitude
of 60% under 0.1 Hz, as shown in Figures 6, 7, the elastic
Lissajous curves presented a plateau after the shear strain
changed the direction. However, a typical overshoot behavior was
observed under the frequency of 1 Hz. Such behavior was further
strengthened as the shear strain amplitude increased to 100%.
The reason for the above characteristics can be attributed to
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the frequency-dependent relaxation of the CIPs chain or cluster
structures. On the other hand, from the decomposed elastic and
viscous stress, as shown in Figures 5-7, at two frequencies, i.e.,
0.1 and 1 Hz, the elastic non-linearity of MRG-70 under the
magnetic fields of 0, 96, and 194 kA/m always showed strain
stiffening. However, the viscous non-linearity contains two types,
namely shear thickening and then shear thinning, as the magnetic

field increases from 96 to 194 kA/m. This is different from MRG-
70 that only exhibits viscous non-linearity of shear thickening
under zero magnetic field.

Figure 8 depicts the elastic and viscous Lissajous curves
under the application of the large magnetic field, i.e., 391 kA/m.
In Figure 8, the LVE response, represented by the elliptical
shape of the Lissajous curves, can be observed at sufficient
small shear strain amplitude, i.e., 0.1%. When the shear strain
increased from 0.1 to 100%, it was observed that the non-linear
behavior of MRG-70 under the magnetic field of 391 kA/m
was almost independent of the oscillatory frequency, and the

Frontiers in Materials | www.frontiersin.org

typical overshoot behavior was disappeared, which is different
from that under the small and medium magnetic fields, i.e.,
96 and 194 kA/m, as shown in Figures 6, 7. In the NLVE
range, the non-linearity of MRG-70 with the magnetic field of
391 kA/m, shown in the elastic domain, was similar to that under
the magnetic field of 194 kA/m, i.e., strain stiffening, and the
viscous non-linearity of MRG-70 first presented an obvious shear
thickening, followed by shear thinning. By comparing Figures 5-
8, as the magnetic field increased from 0 to 391 kA/m, the
decomposed elastic stress curve under 0.1% strain amplitude
approaches coincided with the elastic Lissajous curves, and the
slope of the corresponding decomposed viscous stress curve
tended to be zero, and this feature was less affected by the
frequency. Therefore, we can conclude that MRG-70 at the
large magnetic field, i.e., 391 kA/m, under sufficient small strain
amplitude almost exhibits purely elastic materials, which is
attributed to the fact that the stronger chain or cluster structures
are formed. Moreover, in the NLVE range with a large strain
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amplitude, as the increase of the magnetic field, the elastic curves
of MRG-70 gradually formed a quadrilateral shape, indicating
that the apparent flow-induced structure was dominated by
viscosity. This was also validated by the decomposed elastic
and viscous stress. Another interesting phenomenon that can
be found from Figures 6-8 is that, as the magnetic field

increases, the decomposed elastic stress at the higher shear strain
amplitude was zero during the instantaneous intracycle shear
strain. For example, under the magnetic field of 391 kA/m at
100% strain amplitude, the decomposed elastic stress of MRG-
70 would be zero during the instantaneous intracycle shear strain
between — 45 and 45%. This implies that the contribution of
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the intracycle elastic stress to the non-linearity within that range
is almost zero. In summary, by comparing Figures 5-8, it can
be concluded that the external magnetic field has a large impact
on the non-linearity rheology of MRG-70, especially the viscous
contribution to the non-linearity at large shear strain amplitude,
and the effect of the oscillatory frequency on the non-linearity

was also magnetic field-dependent. For instance, due to the
formation of the stronger CIPs chain or cluster structures under
the large magnetic field, i.e., 391 kA/m, MRG-70 exhibited purely
elastic material behavior at sufficient small strain, e.g., 0.1%, but
fluidlike structure was dominated by viscous dissipation at large
shear strain, e.g., 100%.
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Elastic and Viscous Measures of MRG-70

The elastic and viscous measures, i.e., Chebyshev coefficients
ratios,  strain-stiffening, and  shear-thickening ratios,
corresponding to Figures 5-8, were used to quantitatively
analyze the field-dependent non-linearities of MRG-70 at two
different frequencies. In this study, we used the different orders

of elastic (viscous) Chebyshev coefficients, i.e., e; (v1), e3 (v3),
es (vs), etc., to calculate the strain-stiffening (shear-thickening)
ratios since they can better reconstruct the decomposed elastic
(viscous) stress. Figure 9 shows the elastic measures, i.e., third-
order elastic Chebyshev coefficient, es/e;, and strain-stiffening
ratio, S, as a function of the shear strain amplitude under
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different oscillatory frequencies, i.e., 0.1 and 1 Hz, and magnetic
fields, i.e., 0, 96, 194, and 391 kA/m. As mentioned in the
“Introduction” section, S and e3/e; have the same sign and can
be used to interpolate the intracycle non-linearities of elastic, i.e.,
S and e3/e; > 0 represent strain stiffening and S and es3/e; < 0
represent strain softening (Ewoldt et al., 2008). From Figure 9,
S and e3/e; all tended to zero at low shear strain amplitude, i.e.,

0.4, 0.06, 0.1, and 0.4% for 0, 96, 194, and 391 kA/m, indicating
the LVE response. The critical shear strain obtained in this study
was little different from that shown in Figures 5-7. The reason is
that, for detecting the transition from linearity to non-linearity,
higher-order Chebyshev coefficient were more accurate than the
elastic and viscous Lissajous curves (Renou et al., 2010). After
entering into the non-linear range, S and es/e; had the same
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trend and are positive at two different oscillatory frequencies
under the magnetic fields of 0 and 391 kA/m, indicating the
intracycle strain-stiffening behavior. However, under the small
and medium magnetic fields, i.e., 96 and 194 kA/m, S or e3/e;
changes to be negative and shows the frequency dependency,
suggesting the strain-softening behavior which is different
from the results shown in Figures 6, 7. The reason is that the
decomposed elastic stress curves are interfered by the yield
behavior. Moreover, from Figures 9A-D, the dependence of
the elastic non-linearity on shear strain amplitude was less
affected by the oscillatory frequency but had a close relationship
with the external magnetic field. For example, S and es3/e;
almost exhibited the same trend with the strain amplitude at
two different frequencies. However, under large shear strain
amplitude (>40%), S and es/e; decreased with the shear strain
at 0 kA/m but increased with the shear strain amplitude when
the magnetic field was applied. This shows that the non-linear
elastic contribution at large shear strain amplitude (>40%) was
enhanced when the magnetic field was applied. The possible
reason is that MRG-70 undergoes the interaction between the

breaking and reorganization of the CIPs chain structures under
the combination of oscillatory shear and magnetic field.

Figure 10 shows the shear strain amplitude-dependent
viscous measures, i.e., third-order viscous Chebyshev coefficient,
v3/v1, and shear-thickening ratio, T, at two different oscillatory
frequencies, ie., 0.1 and 1 Hz, and magnetic fields, ie., 0,
96, 194, and 391 kA/m. Similarly, T and v3/v; can be used
to interpolate the intracycle non-linearities of viscous, i.e.,
T and v3/v; > 0 representing shear thickening, and T and
v3/vy < 0 representing shear thinning (Ewoldt et al., 2008).
From Figures 10A-D, T and v3/v; fluctuate and suffer from
more residual noise than the elastic measures within the linear
regime at a large magnetic field, i.e., 0-0.07% for 391 kA/m.
The reason is that the viscous contribution to the total stress
response at this stage was too small, which is also verified in
Figure 8. Moreover, when the magnetic field is not applied,
an identical intracycle non-linear behavior, i.e., shear thinning,
was observed throughout the non-linear regime, as indicated by
the negative of T and v3/v; (Figure 10A). However, when the
magnetic field is applied (Figures 10B-D), MRG-70 exhibits two
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different viscous non-linear behaviors in the non-linear regime
from 0.1 to 100%, i.e., shear thickening first, followed by shear
thinning, which complies with the qualitative analysis shown in
Figures 6, 7. Moreover, the critical strain amplitude between
shear thickening and shear thinning is frequency- and magnetic
field-dependent. For instance, the critical strain amplitude under
0.1 Hz was always smaller than that of under 1 Hz for different
magnetic fields, e.g., 15% for 0.1 Hz and 40% for 1 Hz under the
magnetic field of 96 kA/m. Comparing Figure 10 with Figure 9,
we can conclude that the intracycle non-linearity of viscous seems
to be more sensitive to the magnetic field in comparison with the
non-linearity of elasticity.

To characterize the frequency-dependent composition of the
non-linearity for MRG-70 under different oscillatory strain
amplitudes and magnetic fields, the comparison between S and
T as a function of strain amplitude is shown in Figure 11.
It can be seen that, in the LVE range, the elastic and viscous
contributions are equal to 0. Along with the increasing shear
strain amplitude, the NLVE appeared. From Figure 11A, the
appearance of the non-linearity without the magnetic field seems

to be slightly affected by the magnetic field. However, under
the application of the magnetic field shown in Figures 10B-D,
the onset of the non-linearity is frequency-dependent, i.e., the
appearance of the NLVE under 0.1 Hz is always fast than that
of under 1 Hz. On the other hand, in the NVLE range, the non-
linearity of MRG-70 under the magnetic field of 0 kA/m was
portrayed as the combination of strain stiffening (S > 0) and
shear thinning (T < 0) through the non-linear range. However,
when the magnetic field is applied, MRG-70 shows a substantial
variation with the non-linear strain amplitude. For example,
at the magnetic field of 391 kA/m, as shown in Figure 11D,
MRG-70 only showed shear thickening (T > 0) at the onset of
the non-linearity, ie., 0.04 to 0.4%. Then, in the shear range
from 0.4 to 2%, the non-linearity consisted of strain stiffening
(S > 0) and shear thickening (T > 0). Above 2% strain, the non-
linearity showed the combination of strain stiffening (S > 0) and
shear thinning (T < 0). Interestingly, the similar behavior was
also observed for MRG-70 at the oscillatory frequency of 1 Hz
(Figures 11B-D). Combining the study on the strain dependence
storage and loss modulus shown in Figure 2, we found that, in
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the shear strain range of S > 0 and T < 0, e.g., about 4-100%
under 96 kA/m, 8-100% under 194 kA/m, and 5-100% under
391 kA/m, the corresponding storage and loss moduli always
decreased with the shear strain. This phenomenon indicates
that, in the post-yield range, the non-linearity of MRG-70 with
the magnetic field exhibited the strain stiffening for the elastic
stress and predominant shear thinning of the energy dissipation.
Finally, the above analysis points out that the non-linear rheology
of MRG-70 had little relationship with the oscillatory frequency
but was highly affected by the shear strain amplitude and external
magnetic field, which is composed of different elastic and viscous
intracycle physical mechanisms.

CONCLUSION

We studied the field-dependent non-linear rheology of MRG-70
under LAOS at different driving frequencies. First, the storage
and loss moduli under the frequencies of 0.1, 0.5, 1, and 5 Hz
were compared, and the results showed that, when the frequency
rose from 0.1 to 5 Hz, MRG-70 mainly exhibits two viscoelastic

characteristics, i.e., strain thinning in which G’ and G" decrease
in the NLVE range at 0.1 Hz, weak strain overshoot in which G’
decreases but G" increases, followed by a decrease in the NLVE
range at frequencies of 0.5, 1, and 5 Hz. Moreover, the viscoelastic
behavior of MRG-70 under oscillatory shear can be divided into
three parts: linear region, the onset of the non-linear region,
and the post-yield region. Second, the 3D Lissajous curves and
the decomposed elastic and viscous stress curves were presented
and utilized to qualitatively analyze the field-dependent non-
linear rheology of MRG-70 at two typical frequencies. It was
found that, irrespective of the frequency, MRG-70 always has
elasticity during the oscillatory shear at the sufficient small
strain amplitude. When the strain amplitude increased to a
large value, the elastic Lissajous curves presented with the shape
of quadrilateral, and the maximum stress in viscous Lissajous
curves was located at the maximum shear strain of £ yyw,
indicating that the non-linearity of MRG-70 at 100% mainly
comes from viscous flow, and the above behavior has highly
dependent on the external magnetic field. Finally, the elastic and
viscous measures, i.e., Chebyshev coefficient ratios (e3/e; and
v3/vy), strain-stiffening ratio (S), and shear-thickening ratio (T),
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were used to conduct the quantitative analysis to characterize the
non-linear rheology of MRG-70. It was demonstrated that the
onset of the non-linear behavior of MR grease was frequency-
dependent when the magnetic field was applied. However, in
the post-yield region, the field-dependent non-linear rheology of
MRG-70 had little relationship with the oscillatory frequency but
was highly affected by the shear strain amplitude.
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Hard-magnetic barium ferrite (BF) nanoparticles with a hexagonal plate-like structure
were used as an additive to a carbonyl iron (CI) microparticle-based magnetorheological
(MR) fluid. The morphology of the pristine Cl and CI/BF mixture particles was examined
by scanning electron microscopy. The saturation magnetization and coercivity values of
each particle were measured in the powder state by vibrating sample magnetometry. The
MR characteristics of the CI/BF MR fluid measured using a rotation rheometer under a
range of magnetic field strengths were compared with those of the Cl-based MR fluid.
The flow behavior of both MR fluids was fitted using a Herschel-Bulkley model, and
their stress relaxation phenomenon was examined using the Schwarzl equation. The MR
fluid with the BF additive showed higher dynamic and elastic yield stresses than the MR
fluid without the BF additive as the magnetic field strength increased. Furthermore, the
BF nanoparticles embedded in the space between the Cl microparticles improved the
dispersion stability and the MR performance of the MR fluid.

Keywords: carbonyl iron, barium ferrite, magnetorheological, additive, sedimentation

INTRODUCTION

Magnetorheological (MR) fluids consisting of soft-magnetic particles suspended in a medium
liquid, including silicone oil and mineral oil, are field-responsive functional materials that can be
finely controlled from the liquid-like state to a solid-like phase under an applied magnetic field
strength (H) (Svéasand et al.,, 2009; Sedlatik et al., 2010; Susan-Resiga et al., 2010; Qiao et al., 2012;
Ashtiani et al., 2015). Without H, the particles in an MR fluid are dispersed randomly in the MR
suspension, following a Newtonian fluid-like behavior at their low-particle volume concentrations.
Under an applied H, the field-induced magnetic polarization interactions of the magnetic particles
result in the formation of a chain-like form in the parallel direction of the applied H within several
tens of milliseconds (Vasiliev et al., 2016). During this rapid and reversible phase transition, the
chain structures in the MR fluid undergo breaking and reformation processes, resulting in changes
in their viscoelastic characteristics, including shear stress, shear viscosity, and dynamic moduli
under an applied magnetic field (Li et al., 2000, 2004; Ahamed et al., 2016). This technology has
been introduced to industrial sections, such as damping devices, engine mounts, and MR polishing
machines (Choi et al., 2003; Yang et al., 2010; Mao et al., 2014).
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Soft-magnetic particles are widely adopted as the dispersed
part of the MR fluids, owing to their negligible magnetic
hysteresis and supreme magnetization value of saturation
(Kordonskii et al., 1999). Among their family, carbonyl iron
(CI) microparticles have attracted considerable attention as
disperse particles owing to their large magnetic permeability,
low coercivity, spherical shape, and appropriate micron size
(Bombard et al, 2005). Despite these advantages, the high
density of CI microparticles can lead to problems, such as
sedimentation and abrasion, which are of concern with long-term
industrial applications.

Several techniques have been introduced to overcome
these problems, including coating the surface of magnetic
microspheres with polymeric or inorganic materials and
adding various additives, such as organic clay and inorganic
nanoparticles (Vicente et al., 2003; Fang and Choi, 2008; Lopez-
Lopez et al., 2008; Aruna et al., 2019). On the other hand, the
process of applying a polymeric coating of CI microparticles to
decrease the difference in density between the CI microspheres
and the non-magnetic fluid is too difficult and complex for
industrial application. This is because the coating process is
strongly influenced by various factors, such as the reaction
temperature, time, and the molar ratio between monomer and
initiator. Therefore, the addition of additives to CI-based MR
suspensions is rather simple and reliable (Jang et al., 2005; Liu
et al., 2015; Han et al., 2019; Aruna et al., 2020; Maurya and
Sarkar, 2020).

Various additives, such as organic clays, carbon nanotubes,
celluloses, and inorganic particles, have been introduced in MR
fluid systems to enhance the sedimentation stability of magnetic
particles composed predominantly of MR fluids (Machovsky
et al,, 2014; Bae et al., 2017; Bossis et al., 2019; Gopinath et al.,
2021). On the other hand, non-magnetic additives tend to reduce
the MR effect, even though they can solve the sedimentation
problem. Thus, the addition of magnetic materials as an additive
is an efficient method to increase the sedimentation stability
and MR effect of suspensions (Hajalilou et al., 2016; Zhang
et al,, 2020). Ngatu and Wereley (2007) added iron nanowires of
diameter ranging from 5 to 250 nm to the MR fluid to improve
the MR effect and the dispersion stability. Han et al. (2020)
used hollow-Fe3Oy4 particles fabricated using a solvothermal
process as an additive to reduce the sedimentation problem
and enhance MR properties of CI-based MR fluid. Recently,
Jang et al. (2015) and Kim et al. (2017) added hard-magnetic
particles, such as y-Fe;O3 and CrOs, respectively, to CI-based
MR fluids and reported improvement in both the MR behavior
and suspension stability.

Barium ferrite (BaFe;,0,9) (BF) with a non-circular plate-like
structure and the perpendicular magnetic moment has attracted
considerable interest as a high-performance permanent magnet
because of its high magnetocrystalline anisotropy, high Curie
point, relatively high magnetic saturation (Ms) value and coercive
force, and superior chemical stability and corrosion resistance
(Choi et al., 2000; Wei et al., 2020). Furthermore, non-circular
hexagonal plate-like particles have a slower sedimentation rate
than spherical or rod-like particles, such as y-Fe;O3 and CrO;.
These hard magnetic particles that have a special shape could

increase the Ms value of the CI particles, which is related directly
to improving the MR efficiency of MR suspensions. In addition,
hard magnetic particles are better able to adhere to the surface
of CI particles as an additive, thus increasing the strength of the
chain and the tendency to reform broken chain structures during
operation. Therefore, BF particles were newly introduced as an
additive, and their sedimentation stability was expected to be
superior to previously reported additives.

This study examined the sedimentation stability and MR
performance of MR suspensions by adding nano-sized BF
particles as an additive between micron-sized CI particles. CI-
based MR fluids were fabricated using silicone oil, and the
BF additive was added to examine the effect of the additive.
Their MR behaviors were measured using a rotation rheometer,
and the sedimentation stability was recorded using a Turbiscan
(MA2000, Formulaction, Toulouse, France).

EXPERIMENTAL

Materials

The CI [Badische Anilin-und-Soda-Fabrik (BASF), standard
CM grade, particle density: 7.90 g/cc, diameter: about 4 pum,
Germany] microspheres with their Ms of 209.5 emu/g and
silicone oil (Shin-Etsu Chemical Co., Ltd., KF-96, viscosity: 100
cSt, Japan) were used as a dispersed and a continuous part of
the MR fluids, respectively. The hard-magnetic BF (density: 5.28
g/cm?, Toda Co., Tokyo, Japan) particle was introduced as an
additive material. The physical properties of the BF are well-
reported with its diameter of 0.13 jum and the aspect ratio of 0.1,
corresponding to its thickness of 0.013 wm (Kwon et al., 1997;
Choi et al., 2000).

Sample Preparation

Barium ferrite nanoparticles, used as an additive, were prepared
by sonication for 1h and dried. Three different MR fluids were
prepared. The CI microparticle-based MR fluid without the
additive was made by suspending 50 wt% of CI microspheres
in silicone oil (50 wt%). To examine the additive effect, a 0.5 wt%
concentration of BF particles with Ms of 63.8 emu/g was mixed
in silicone oil (49.5 wt%), and CI microparticles (50 wt%) were
then added. Furthermore, the pure BF nanoparticle-based MR
fluid (50 wt%) was also prepared for comparison. The MR fluid
with the additive is called a CI/BF-based MR fluid. A vortex (IKA,
Korea. Ltd., GENIUS3) and sonicator (HWASHIN CO., Ltd,,
Powersonic 410) were used to disperse the magnetic particles
uniformly during sample preparation.

Characterization

The surface morphologies of the CI, BE, and CI/BF systems were
observed using a high-resolution scanning electron microscopy
(HR-SEM, SU-8010, Hitachi, Tokyo, Japan). The dispersion
stability of the MR fluids was investigated using a Turbiscan
(MA2000, Formulaction, Toulouse, France), and the static
magnetic characteristics of the magnetic particles were examined
by making them in a powder form through a vibrating sample
magnetometer (VSM) (7307, Lakeshore, LA, USA). The particle
densities were measured using a gas pycnometer (AccuPyc
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1330, Micromeritics, Norcross, GA, USA). Their MR properties
were examined using a rotation rheometer (MCR 302, Anton-
Paar, Graz, Austria) attached to a device for applying the
magnetic field.

RESULTS AND DISCUSSION

Figures la—c present SEM images of pristine CI, BE, and their
mixtures, respectively. Figure la shows the pristine CI with a
spherical shape and a smooth surface. The mean diameter of the
pure CI particle was ~3 pm. As shown in Figure 1b, BaFe ;019
had a hexagonal plate-like structure with a mean size of 700 nm.
Figure 1c exhibited a mixture of pure CI particles and a small
amount of BaFe ;09 particles. Hexagonal plate-like BaFe ;019
particles were attached to the space between pure CI particles.
Their hard-magnetic properties, nano size, and unique structure
were expected to enhance the MR efficiency and suspension
stability by occupying the space between the CI microspheres.

The static magnetic characteristics of the pristine CI, BE, and
Cl/ BF mixture particles were measured in the powder form
via VSM, with an applied H from —15 to 15 kOe at room
temperature. Figure 2 shows the magnetic moment as a function
of H, in which the measured M and coercivity (H¢) of the BF
particles were 63.8 emu/g and 1.74 kOe, respectively (Ko et al.,
2009). When the 0.5 wt.% of BF particles were added to pure
CI, the M value of the CI/BF mixture particles appeared to
be slightly increased. Overall, BF particles, which exhibit hard-
magnetic properties with magnetic hysteresis, could improve the
MR performance in the magnetic response of a CI microparticle-
based MR fluid, as shown in Figure 2 (Moon et al., 2016).

Two types of MR fluids were used to measure the MR
property. One contained 50 wt.% pure CI microparticles
dispersed in 100 cS of silicone oil, and the other contained
0.5 wt.% BaFe;;019 particles added at the same ratio as the
CI microparticles in the same silicone oil. The measurements
were taken using a parallel-plate rotation rheometer under a
controlled shear rate mode. For each test, a certain amount of MR
suspensions was dropped in the gap of the parallel-plate geometry
device and the base plate.

The flow tests were carried out at shear rates in the range of
0.1 to 200 s~ under an applied H of 0 to 343 kA/m. Figure 3
shows the shear stress 7 (a, ¢) and shear viscosity (b, d) data as
a function of the shear rate (y) under various H for all of the
three MR fluids, in which the closed and open symbols refer to an
MR fluid without and with BF additive, respectively. According to
Figures 3A,C, 7 of the three MR suspensions increased linearly
with increasing shear rate without an applied H, indicating that
three MR fluids exhibited Newtonian fluid-like characteristics.
On the other hand, the non-Newtonian fluid property of non-
linearity between t and y, when exposed to external H, was
prominent in the three MR samples. This is because the chain-
like structure of the magnetized particles was built up by strong
magnetic dipole-dipole (D-D) interactions (Zhang and Widom,
1995). In particular, at each H, a CI-based MR fluid containing
the BF additive showed higher 7 values than those without BF
nanoparticles over the entire shear rate range. By applying H,

FIGURE 1 | Scanning electron microscopy images of (a) pure carbony! iron
(Cl) microparticles, (b) BaFei20O1g nanoparticles, and (c) Cl/ BaFe120+g
mixture.

hexagonal plate-like structured BF particles, which were relatively
smaller than CI microparticles, filled the space between the
CI microparticles. These structural characteristics promoted the
response to the magnetic field, forming stronger chain structures
and improving the MR performance. The 0.5 wt% additive
concentration was used because too much additive in the MR
fluid resulted in a significant increase in shear viscosity without
increasing the MR performance (Iglesias et al., 2012; Moon et al.,
2016). In addition, the pure BF-based MR fluid has relatively less
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shear stress and shear viscosity, which can also be predicted and
explained with its low Ms value and hard-magnetic property.

On the other hand, the flow behaviors of the two MR
suspensions were fitted using the Herschel-Bulkley model to

[
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(=]
T
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Magnetic moment (M, emu/g)

-100 -
BaFe O
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200 - —— ClI/BaFe 0,
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-15 -10 -5 0 S 10 15

Magnetic field strength (H, kOe)

FIGURE 2 | Vibrating sample magnetometer data of pure carbony! iron (Cl)
(CM grade), BaFe1201g, and Cl/BaFe1201g 0.5 wt% mixture.

analyze typical steady-shear behavior. This model was expressed
as follows:

t=1,+Ky t>1 (1)

where 7y is the yield stress, depending on the applied H, shape,
and particle concentration, and y is the shear rate (Choi et al.,
2001; Jang et al., 2015). Both K and n are denoted as the
consistency index and power-law exponent, respectively. The t
curves of pristine CI and CI/BF-based MR suspensions were
fitted very well to the Herschel-Bulkley Equation (1) at each
magnetic field strength. Figure 3A presents two MR fluids as a
solid line and dotted line (Cvek et al., 2016). Table 1 lists the
optimal parameters obtained from Equation (1), showing the
Herschel-Bulkley model.

Similarly, the shear viscosity graphs for both MR fluids
showed the same behavior over the shear rates at various
H, as presented in Figure 3B. The viscosities of both MR
fluids increased with increasing H and exhibited shear-thinning
behavior; hence, the viscosity decreased with increasing shear
rate. Note that the increase in shear viscosity had an important
influence on the MR characteristics (Hong et al., 2013). As
H increased, the magnetization of the CI microspheres also
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FIGURE 3 | (A) Shear stress and (B) shear viscosity of Cl/ BaFe12019 mixture-based MR fluid (open symbol) and pure carbonyl iron (Cl)-based magnetorheological
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TABLE 1 | The optimal parameters in Herschel-Bulkley (HB) model equation obtained from shear stress data.

MR fluid Parameters Magnetic field strength (kA/m)
86 171 257 343

Cl Tay 463 1,333 2,100 2,506
K 158.8 72.6 431 29.3
n 0.362 0.569 0.703 0.795

Cl/BaFe12019 (0.5 wt%) Tdy 556 1,646 2,581 2,994
K 172.2 65.1 46.9 43.7
n 0.354 0.611 0.717 0.737

increased consistently, interfering with the free movement of = became an independent relationship with H.

the particles due to chain formation, thereby increasing the ,

L . . ; t
shear viscosity of the MR suspension. While the magnetic D- 7" = 0.086¢ 1o M 4)

D interactions between the magnetic microspheres are parallel
to the applied stimuli direction, the flow is perpendicular to the
stimuli direction. Therefore, the shear viscosity is represented
as apparent shear-thinning behavior, resulting from the shear-
deformation of the chain structure over the entire y range (Hong
etal., 2013; Wang et al., 2019).

Without H, the CI/BF-based MR suspension showed slightly
larger shear viscosity than the MR suspension without the BF
nanoparticles because of the reduced hydrodynamic volume by
the added BF particle concentration. Under an applied H, the
shear viscosity of the MR suspension containing the BF additive
was higher than that without BF nanoparticles. This suggests that
the strength of the chain structure was increased by the added
hard magnetic nanoparticles, and the shear stress was increased.

Figure 4 shows the relationship between the 7y and H for both
CI microparticles and CI/BF-based MR suspensions. Dynamic
Ty, which is one of the important rheological parameters, was
acquired by extrapolating the t at zero y limit for each H. In
general, the 7y is expressed by the power-law of H, as given in
Equation (2):

1, o H* 2)
The magnetic-field-dependent 7y can be divided into two parts
depending on the applied H (Ginder et al., 1996). Atalow H, 7, is
proportional to H2, following the polarization model due to the
attraction force between the magnetized particles (Bossis et al.,
1997, 2019). When the magnetic field strength increases to an
intermediate value, 7, will change to H 3/2_ which is similar to the
conduction model (Choi et al., 2001). This can be considered an
increase in localized magnetization saturation that can decrease
the MR performance. At the intermediate value, where local
saturation becomes dominant, the equation for the 7, is given
as follows:

7y = VepuoM'2H? 3)
where ¢ is the magnetic particle volume fraction and g is the
free space permeability (Geng¢ and Phulé, 2002). When a sufficient
H was applied, all of the particles reached full saturation and

To analyze the flow effect for MR fluids more accurately and to
determine the relationship between 7, and H, the universal yield
stress equation was proposed in the presence of a critical H (H,)
as follows (Fang et al., 2009):

tanh «/H/H,
VH/H,

where o is dependent on the susceptibility of the MR fluid, ¢,
and particle shape (Ginder et al., 1996; Bossis et al., 2019). Hc is a
boundary value dividing the 7y behavior of the MR suspensions,
in which 7y represents two limiting values with respect to H as
follows (Chae et al., 2015):

1, (H) = oH *( ) (5)

1, = aH*(H < He)
1, = ay/H H/*(H>» H,) (6)

Figure 4 shows the relationship between 7y and H for both MR
suspensions. The H. values of both the CI- and CI/BF-based MR
fluids were 171 kA m~!. A universal yield stress function was
obtained using the following: H. and 7, (H.) = 0.7620 HZ,

? = 1.3138%2 tanh VH (7)
The results were fitted onto a single line using this generalized
universal yield stress function, as demonstrated in Figure 5.

The dynamic oscillation measurements of the MR samples
include both the strain amplitude and frequency sweep tests to
examine the viscoelastic characteristics of both MR suspensions
with and without BF nanoparticles under different H up to 343
kA/m. Figure 6 presents data from the strain amplitude sweep
measurements in the strain value from 1072 to 10 at a fixed
angular frequency (w). This test was carried out to select the
linear viscoelastic region (yrvg) before performing the frequency
sweep test. Overall, the storage modulus (G') of the CI/BF MR
fluid was slightly larger than that of the MR fluid without an
additive in the entire strain range, suggesting that the fluid
rigidity was enhanced by the BF additive (Wei et al, 2010).
In particular, the G’ of both MR suspensions showed a steady
plateau region up to 3 x 102 %, which was called the LVE region.
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FIGURE 4 | Dynamic yield stress as a function of magnetic field strength for
both pure carbonyl iron (Cl)-(square symbol) and Cl/BaFe12,019 mixture-based
magnetorheological (MR) fluids (triangle symbol).
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FIGURE 5 | Universal plot of 7 vs. A for pure carbonyl iron (Cl; square symbol)
and Cl/BaFe12,019 mixture-based magnetorheological (MR) fluids (triangle
symbol). The solid line is obtained using Equation (7).

When the strain exceeded a certain level, the storage modulus
decreased sharply with increasing strain. This behavior is called
the Payne effect, and it was attributed to an irreversible change in
the microstructure of the material because of a sufficiently large
strain (Gong et al., 2012).

The frequency sweep test was taken with a given strain of 3
x 1072%, as determined by the previous amplitude sweep test.
Figure 7 presents G’ as a function of w at a constant strain for
two MR fluids. When H was not applied, the G’ of both MR
fluids was not large enough, and fluid-like characteristics were
observed. When the H was applied, the G’ of both MR fluids
showed a stable region over the entire @, and the value increased
gradually with increasing H. This suggests that the two MR fluids
transitioned from a fluid-like state to a solid-like state under the
influence of H, and a stronger chain structure was formed as H
increased. Furthermore, when comparing the two MR fluids over

FIGURE 6 | Strain amplitude sweep test for pure carbonyl iron (Cl; closed
symbol) and Cl/BaFe12,019 mixture—(open symbol) based magnetorheological
(MR) fluids under various magnetic field strengths.
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FIGURE 7 | Angular frequency sweep test for pure carbonyl iron (Cl; closed
symbol) and Cl/BaFe12019 mixture—(open symbol) based MR fluids at
constant strain (0.03%).

the entire frequency range, the G’ of the MR fluid containing the
additive was larger than that of the fluid without an additive.

As shown in Figure 8, the solid-like behaviors of the two MR
fluids can be interpreted more closely by the Schwarzl equation
for deriving their stress relaxation modulus, G(f), which was
calculated using the G’ and loss (G”) modulus values obtained
in the frequency sweep experiment shown in Figure 7. The
Schwarzl equation is expressed as Equation 8 below (Chae et al.,
2015):

G(t) ~ G (w) — 0.566G" (w/2) + 0.203G" (w) (8)
The G(t) of both MR suspensions showed steady plateau
behaviors under an applied magnetic field, unlike G(t) in the
absence of a magnetic field over time. In other words, the
relaxation feature did not appear as a function of time (Figure 8).
Thus, the stable solid-like behavior of both MR fluids was
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FIGURE 9 | Sedimentation stability curve verse time for pure carbonyl iron (Cl;
square symbol) and Cl/BaFe12,019 mixture-based MR fluids (circle symbol).

studied as a function of time because of the strongly increased
interactions between the CI particles under an external H.

As shown in Figure9, the sedimentation stability of both
MR fluids was investigated using Turbiscan in cylindrical glass
cells, each containing a 40-mm MR fluid. The measurements
were carried out by illuminating a light source from the bottom
to the top at regular intervals (Buron et al, 2004). From the
measurements, the transmission was plotted as a function of
time (Upadhyay et al.,, 2013). Initially, the transmission of both
MR fluids was close to zero. The absence of transmitted light
indicates that the scattered light was not transmitted through
the uniformly suspended particles in the MR fluid. After a
few minutes, the transmission of a pristine CI-based MR fluid
increased faster than that of a fluid containing the BaFe ;09
additive for the same time. This is because pure CI-based MR

fluid particles aggregated more easily than the CI/BaFe;,019-
based MR fluid particles and precipitated quickly to the bottom
of the cell over time, showing slightly higher transmission. On
the other hand, the CI/BaFe;;Oj9-based MR fluid exhibited
a low transmission due to the additive, showing a stable and
improved dispersion state. This was attributed to the reduced
particle density from the BaFe;;0;9 nanoparticles attached
between the CI particles. The distance between the centers of
the two magnetic particles determined the interaction between
the particles, and for the two magnetic plates, this distance is
the thickness of the particles. However, this value is significantly
less than that of two spherical or elongated particles (Lisjak and
Mertelj, 2018). As a result, the D-D interactions between two
plate-like particles are strong, resulting in better stability of the
MR suspension. Therefore, the addition of BaFe;,0;9 magnetic
particles improved the sedimentation stability compared with the
pristine CI-based MR suspension.

CONCLUSIONS

This study examined the effects of a hard-magnetic BF additive
on a CI-based MR fluid. SEM and TEM revealed the morphology
of the BF nanoparticles adsorbed in empty spaces between
CI microspheres. The magnetic characteristics of the BF
nanoparticles were confirmed using VSM. Two types of MR
fluids with and without the BaFe ;019 additive in CI-based MR
fluids were prepared to compare the rheological behavior and
sedimentation stability under various H. The flow behavior of
both MR fluids followed a typical Herschel-Bulkley model when
an external H was applied, and a Cl-based MR fluid with the
BaFe ;019 additive exhibited improved MR characteristics, such
as the yield stress, shear viscosity, and dynamic modulus with
increasing H. Furthermore, the sedimentation stability of the
CI-based MR fluid with the BaFe;,0;9 additive was improved
remarkably by the reduced particle density due to the effect of the
additive in the space between CI microspheres. Based on these
results, synergistic effects were demonstrated to improve the
MR properties and sedimentation stability of the ferromagnetic
BaFe ;019 additive for a pure CI-based MR fluid.
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School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing, China

Magnetorheological (MR) gel, an analog of MR fluid, is a novel kind of magnetic-
responsive material. In this article, the influence of quasi-statically monotonic loading
and periodically cyclic loading on the normal stress behavior of MR gel (MRG) is
systemically investigated. Firstly, carbonyl iron powder (CIP) and soft polymer were
adopted for the fabrication of MRG. Then, the variations of normal stress with shear
strain were tested under different excited magnetic fields, shear rates, CIP contents,
and shear strain amplitudes. It was found that the normal stress behavior of MRG
exhibits three prominent stages: a sudden rise at the beginning, followed by a rapid
decrease, and then a final steady-state value. The experiments also indicated that the
excited magnetic field, compared with other influencing factors, has the most critical
effect on the normal stress behavior of MRG. The corresponding mechanisms of various
phenomena were methodically discussed. Furthermore, the ratio of shear stress to
normal stress was proposed to better comprehend the mechanism of the evolution
of internal microstructures of MRG and MR effects from a novel perspective. The results
implied that the ratio has a close relation to the excited magnetic field and CIP content
of MRG. The increase of normal stress is helpful for the fabrication of MRG with a
high-efficiency MR effect.

Keywords: normal stress behavior, magnetorheological gel, quasi-static shear, magnetorheological effect,
friction

INTRODUCTION

Magnetorheological (MR) gel is a sort of intelligent material whose rheological properties could
be changed expeditiously and reversibly by controlling the excited magnetic field (Xu et al., 2017;
Meharthaj et al., 2019). MR gel (MRG), an analog of MR fluid and MR elastomer, is typically
fabricated by dispersing soft magnetic particles into the cross-linked polymer matrix. Due to the
existence of the viscoelastic polymeric matrix, MRG could overcome many defects occurred in MR
fluid (Ashtiani et al., 2015) to some extent, such as sedimentation problem and sealing problem.
Also, magnetic particles in MR elastomer could not move easily owing to the constraint of the rigid
rubber matrix, which means that the MR effect of MR elastomer is highly weaker than that of MRG
(Xu et al., 2011). Therefore, it is promising for MRG to be employed in engineering devices, such

Frontiers in Materials | www.frontiersin.org

59 April 2021 | Volume 8 | Article 646579


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.646579
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmats.2021.646579
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.646579&domain=pdf&date_stamp=2021-04-20
https://www.frontiersin.org/articles/10.3389/fmats.2021.646579/full
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Mao et al.

Normal Stress Behavior of Magnetorheological Gel

as MR dampers (Rahman et al., 2017; Rossi et al., 2018), MR
isolators (Li et al., 2013; Ahamed et al., 2018), and MR actuators
(Khazoom et al., 2020).

Up to date, publications on MRG paid attention to the
shear response behavior (Auernhammer, 2019; de Sousa et al.,
2019; Zhang et al., 2019), such as shear yield stress, damping
performance, and shear modulus. In contrast, the investigations
on normal stress behavior of MRG are relatively infrequent.
However, normal stress of MR material has a strong effect
on the performance of some engineering devices, such as MR
damper (Yazid et al., 2016) and MR finishing (Lambropoulos
et al., 2010). Moreover, the normal stress behavior is also
significant for understanding the mechanism of the MR effect
and the evolution of particle microstructures. Gong et al.
(2012) investigated the normal force behavior of MR fluid
under the steady and oscillatory shear condition by employing
a commercial rheometer with parallel-plate geometry. They
proposed a dynamic simulation method to predict the normal
force of MR fluid. Lopez-Lopez et al. (2010) conducted a series of
experiments to validate the accuracy of their proposed theoretical
model used to calculate the normal force of MR suspensions
(Lopez-Lopez et al., 2010). The proposed model comprised the
viscoelastic response of MR fluid and the influence of Maxwell
stress and can help us better understand the normal force of
MR fluid. See et al. observed that the normal force pushed
apart the plate with the increase of the magnetic field when
no deformation was applied to the MR suspension (See and
Tanner, 2003). However, the normal force decreased firstly
and then plateaued with the shear strain when continuous
shearing was applied to MR suspension. The normal force of
MRG under steady and oscillatory shear condition was firstly
investigated by Ju et al. (2013). They systematically analyzed the
influence of various excited factors (temperature, time history
and frequency, etc.) on the normal force of MRG. The results
revealed that the normal force of MRG is highly dependent
on the magnetic field. Gong et al. (2012) discussed the non-
linear behavior of normal stress of MR polymer gel under
large amplitude oscillatory shear condition (Pang et al., 2018).
They found that the alteration of normal stress was mainly
influenced by two factors, Poynting effect and excited magnetic
field, which are both relevant to the interior microstructures
of MR polymer gel. The experimental results in the literature
of Yang et al. (2017) revealed that the loss factor of MRG
witnessed a reduction with the increase of CIP content. This
is possibly because the molecular chain of polyurethane (PU)
matrix becomes shorter and the particle chains keep thickening
due to the increment of CIP content. Wang et al. (2016) used
a modified split Hopkinson pressure bar (SHPB) instrument
to study the strain-rate compressing behavior of a kind of
new smart material, magnetically responsive shear-stiffening
gel (MSTG). They found that the elastic modulus of MSTG
with 45% CIP content could be as high as 126.6 MPa,
nearly 791,250 times larger than that at normal state. Zhang
et al. proposed a new phenomenon model for predicting
the non-linear mechanical behavior of MRG, and the model
is more computationally efficient than the previous models
(Zhang and Wang, 2020).

As mentioned above, the current research on normal stress
of MR materials is investigated mostly under the static shear
and dynamic shear. However, it is worthwhile to note that many
engineering devices work under the quasi-statically monotonic
shear and periodically cyclic shear condition (Liu et al., 2014),
such as high building and vehicle suspension system. In general,
the loadings that are exerted on MR devices are divided into
three kinds—static loading, dynamic loading, and quasi-static
loading—which are distinguished by shear rate (Kuwano et al.,
2013; Perez et al.,, 2016; Wang et al., 2019). The shear rate of
quasi-static loading ranges from 10™% to 107! s~ !, which works
as a “bridge” between static loading and dynamic loading. The
performance of MR device usually has a close correlation to the
normal stress behavior of MR material in the process of quasi-
static loading. On the other hand, MRG exhibits the feature
of magneto-stimuli and magnetostriction due to the existence
of polymeric matrix and magnetic particles. The prolongation
of MRG is large in the presence of a magnetic field, resulting
from the stretching and twining of soft segments in polymeric
matrix and the particle-assembled chain structures. However,
the microstructures of MRG, such as particle chains and soft
segments, will be sheared ceaselessly under the application
of large deformation. Simultaneously, the microstructures are
tended resist the shearing and to recover continuously due
to the quite low shear rate. This complex evolutive process
of internal microstructures leads to the special normal stress
behavior of MRG. However, up to now, publications on the
normal stress of MRG under quasi-static loading condition are
relatively rare. Thus, to better employ MRG in engineering
devices, it is a necessity to close this gap, and this is also the
motivation of this work.

This work intends to study the normal stress of MRG
under quasi-statically monotonic loading and periodically
cyclic loading condition. Firstly, MRG with different carbonyl
iron powder (CIP) contents, ie., 40%, 60%, and 70%, was
fabricated. Then, the influence of the magnetic field, shear
rate, and CIP content on the normal stress of MRG was
systematically investigated under monotonic loading condition.
Finally, influence of shear strain amplitude on the normal stress
of MRG was analyzed under cyclic loading condition. The
relevant microscopic mechanisms were proposed to explain the
corresponding macroscopic phenomena.

EXPERIMENT

Fabrication of Magnetorheological Gel

Figure 1 shows briefly the process of fabrication of MRG
sample. Polypropylene glycol [PPG-2000, M, = 2,000, Sigma-
Aldrich (Shanghai) Trading Co., Ltd., China] and toluene
diisocyanate (TDI; 2,4- ~ 80%, 2,6- ~ 20%, Tokyo Chemical
Industry Co., Ltd., Japan) are the two main reactants. They were
stirred vigorously in a flask, and the reaction was conducted at
80°C. Two hours later, dipropylene glycol [SOL; Sigma-Aldrich
(Shanghai) Trading Co., Ltd., China], a chain extender, was added
to the flask, and the temperature was controlled at 60°C. Then,
moderate stannous octoate (Sinopharm Chemical Reagent Co.,
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Ltd., China) was selected as a catalyst and added to the reaction.
The preparation of PU matrix was completed until the viscosity
of the mixture increased considerably. Finally, the MRG samples
with different CIP contents were fabricated after blending CIP
with PU matrix evenly and named as MRG-40, MRG-60, and
MRG-70. More details about the synthesized procedure could be
seen in our previous work (Mao et al., 2020).

Testing for Normal Stress

A commercial rheometer (Type MCR 302, Anton Paar Co., Graz,
Austria) with a plate-plate geometry was adopted to test the
normal stress of MRG, and its schematic diagram is presented
in Figure 2. MRG samples were placed between the upper and
lower plates. The diameter of the two plates is both 20 mm,
and the gap distance between them is 1 mm. In this work,
the directions parallel to the magnetic field and vertical to the
magnetic field are defined as the normal direction and the lateral
direction, respectively. The normal stress and the lateral stress
(i.e., shear stress) are simultaneously collected during the testing
process. Moreover, according to Laun and Tian, the normal stress
(Ng) of MRG could be calculated on the basis of the following
equation (Laun et al, 2008; Jiang et al, 2011): Ny = Nj —
N, =2F,/mR?, where Nj is the primary normal stress, N, is
the secondary normal stress, F,, is the measured normal force
by rheometer, and R is the radius of the plate (i.e., 10 mm). The
measurable range of normal force F,, is from —50 to 50 N with an
accuracy of 0.03 N.

On the other hand, the quasi-static loading comprises two
types of loading mode (Mao et al., 2020)—monotonic loading
mode and cyclic loading mode—as shown in Figure 3. In the
monotonic loading mode, the shear strain applied on the samples
increases linearly from 0 to 100% in four different times (i.e., 200,
50, 25, and 12 s). The shear rates could be calculated asy = y/t,
and thus the shear rates are 0.005, 0.02, 0.04, and 0.083 s~ 1,
respectively. In the cyclic loading mode, the shear strain increases
firstly from 0 to 100%, and then from 100 to —100%, and finally
from —100 to 0%. Furthermore, all the tests were undertaken
at 25°C.

RESULTS AND DISCUSSION

The influencing factors on MRG include the magnetic field,
CIP content, shear rate, and shear strain. The purpose of
investigating the rheological properties of MRG is to apply it
into practical engineering devices, such as dynamic vibration
absorber (DVA). In practice, the magnitudes of shear rate
and shear strain amplitude depend on the external working
conditions, and therefore, the investigation about the influence
of stain rate and strain amplitude on normal stress behavior
is necessary. In addition, the MRG itself is also a kind of
magnetic responsive material. Thus, except for the exterior
operating conditions, it is imperative to know that the
magnetic field and the quantities of magnetic particles (i.e., CIP
content) could influence the normal stress behavior of MRG to
a certain degree.

Normal Stress Behavior of
Magnetorheological Gel Under
Quasi-Statically Monotonic Loading

Condition

Influence of Magnetic Field on the Normal Stress
Behavior

Figure 4 shows the photographs and microstructures of MRG
with and without magnetic fields. MRG presents a semi-fluid-like
state, and the magnetic particles disperse randomly in PU matrix
when the external magnetic field is not applied. It is because the
occurrence of a normal attracting effect (Guo et al., 2012) of MRG
makes the plates be attracted to each other. In the presence of a
magnetic field, MRG experiences a phase change from a semi-
fluid-like state to a semi-solid-like state. Correspondingly, the
particles form chain-like microstructures along the direction of
the magnetic field, resulting in the occurrence of macroscopic
peak structures (Yao et al., 2016). These peak structures will act
to push apart the plate of rheometer, and this normal pushing
effect will overcome the normal attracting effect. Therefore, the
normal stress of MRG is measured. Also, it can be seen from
Figures 4B,C that the larger the magnetic field strength, the
more the peak structures. Therefore, one can conclude that the
effect of the magnetic field will increase the attractive force
between particles, resulting in the generation of normal stress.
Simultaneously, the peak structures are highly dependent on
the microscopic transformation of particle-chain structures (Yao
et al., 2015). On the other hand, the evolution of microstructures
could be significantly controlled by the external magnetic field.
Thus, the normal stress behavior of MRG is hugely relevant to
the excited magnetic field.

Then, a magnetic field sweep mode was applied to investigate
the normal stress behavior of MRG with different CIP contents
under quasi-static shear (as shown in Figure 5). The normal
stress increases with the increase of magnetic field strength
and CIP content. The experimental data in Figure 5 are
consistent with the morphology changes of MRG presented
in Figure 4. The higher the magnetic field strength is, the
stronger the magnetic attractive force between iron particles
is, and the larger the normal stress is (as directly displayed in
Figures 4B,C). Moreover, compared with MRG-40 and MRG-
60, MRG-70 possesses more magnetic particles, leading to the
more column-like or cluster-like particle chains under constant
magnetic field strength. Therefore, MRG with a higher CIP
content will achieve larger normal stress under higher magnetic
field strength. Under a dynamic shear mode, the normal stress
behavior of MRG could be estimated by the power model (Ju
et al,, 2013): N; = kH?, where k is the coefficient and H is
the magnetic field strength. The fitting results are displayed
as black lines in Figure 6, and the magnitudes of coefficient
k are presented in Table 1. However, it can be seen from
Figure 6 that the power model could not perfectly characterize
the normal stress behavior of MRG under the quasi-static shear
mode. This is possibly due to the special sigmoid shapes of
the Ny—-H curves. The increasing speed of normal stress (i.e.,
the slopes of Ny—H curves) firstly appears a fast growth and
then slows down after the magnetic field strength exceeds a
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FIGURE 1 | Schematic diagram of the fabrication process for magnetorheological gel (MRG).
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critical value (Mao et al., 2020). Thus, a modified magnetization
model (Zubieta et al., 2009) was used to describe the variation
of normal stress with magnetic field strength under the quasi-
static shear mode. The expression of magnetization model
is Ny =NH —o0 + (NH =0 — N =x0) 2 (e7%H —0.5¢72°H),
where Ny —¢ is the field-off normal stress, Ny —~ is the
saturation value of normal stress, and o is saturation moment
of index of normal stress (Guo et al, 2012). It can be seen
from Figure 6 that the magnetization model, compared with the
power model, could fit the experimental results better because the

magnetization model takes the influence of magnetic saturation
into account. Thus, magnetization model is more appropriate to
characterize the normal stress behavior of MRG under the quasi-
static shear mode, while the power model could estimate the
normal stress of MRG under a dynamic shear mode.

To further understand the mechanism of filed-dependent
normal stress behavior of MRG, the normal stress of MRG-
60 versus shear strain under four different magnetic fields and
constant shear rates of 0.04 s~! is displayed in Figure 7. The
normal stress of MRG is nearly zero and negligible in the absence
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(D). The white points represent magnetic particles.

FIGURE 4 | Photographs of magnetorheological gel (MRG) with and without a magnetic field: 0 kA/m (A), 293 kA/m (B), and 740 kA/m (C). Microstructures of MRG

of a magnetic field while significant in the presence of a magnetic
field, corresponding to the change of morphological structures
displayed in Figures 4A-C. When the external magnetic field
is not applied, the magnetic particles disperse evenly without
forming chain-like structures, and thus, no peak structures
appear due to the surface tension of MRG and the gravity of
magnetic particles (Yao et al, 2015). Thus, normal stress of
MRG is almost constant and negligible with the increase of shear
strain. This phenomenon indirectly implies that the effect of shear
deformation on normal stress behavior is much weaker than that
of the magnetic field. When a magnetic field is applied, normal
stress of MRG firstly appears an abrupt increase (stage 1), then
decreases rapidly with the increase of shear strain (stage 2), and
finally reaches a plateau after the shear strain exceeds a critical
value (stage 3) (Wang et al., 2019). Besides, larger normal stress
will be achieved at larger magnetic field strength. Transformation
of normal stress from stage 1 to stage 2 and then to stage 3 could

be explained with a microstructure theory (Lopez-Lopez et al.,
2010; Wang et al.,, 2019), as shown in Figure 8. The randomly
dispersed magnetic particles (Figure 8A) will aggregate to vertical
chain-like structures (Figure 8B) within milliseconds as soon as
a magnetic field is applied, resulting in the magnetic interaction
and attractive force between the magnetic particles. Thus, the
normal stress of MRG appears a sudden increment firstly (stage
1), which indicates that MRG changes from a viscous flow state
(Figure 4A) to a semi-solid state (Figures 4B,C). Then, the
perpendicular long particle chains tilt into angles (Figure 8C) and
break into unstable short chains with the increase of shear strain.
This process leads to the rapid reduction of the normal stress of
MRG (stage 2). Finally, the unstable short chains are inclined to
aggregate together to form stable long chains due to the existence
of the magnetic attractive force between magnetic particles.
Simultaneously, the fracture of the long chains is still in process
with the increase of shear strain. Therefore, a dynamic balance
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will eventually occur between the fracture and reconstruction
of particle chains (Figure 8D), which gives rise to the gradual
stability of the normal stress (stage 3).

Interestingly, another notable phenomenon is that the normal
stress will still decrease slightly and obscurely after getting into
stage 3, which is similar with the MR fluid (Guo et al.,, 2012).
For example, the normal stress decreases to a certain extent at
96 kA/m of magnetic field strength when the shear strain exceeds
the critical value (corresponding to the diagonal line shown
in Figure 7). However, this phenomenon will progressively
disappear with the increase of the excited magnetic field. This
could be interpreted with the following theory. The contribution
of shear strain to the fracture of particle chains is constant no
matter how large the magnetic field strength is. However, the
larger the magnetic field strength, the stronger the magnetic
interaction between the particles, and the greater the contribution
of the magnetic field to the reconstruction of long particle chains.
Thus, the effect of reconstruction on particle chains is weaker
than that of fracture when the magnetic strength is relatively
small, which leads to the above-mentioned phenomenon.

The MR effect, the most important rheological properties of
MR materials, generally results from the magnetic interaction
between the polarized magnetic particles. Since both the normal
stress and shear stress are also highly relevant to the magneto-
induced particle chain microstructures, an investigation on the
correlation between the normal stress and shear stress is of great
benefit to better understand the mechanism of the MR effect
and guide the design of MR device (Jiang et al., 2011). It can
be seen from Figure 9A that the stress behavior of MRG could
be segmented into pre-yield region and post-yield region, which
depends on whether the shear strain exceeds the critical value,
Yo or not (Wang and Liao, 2011). The shear stress of MRG
increases rapidly and then tends to level off with the increase of
shear strain, whereas the normal stress appears on an opposite

trend in the pre-yield region. Also, similar to MR fluid, MRG
could be regarded as a kind of linear viscoelastic material in the
pre-yield region, where the stress nearly increases (or decreases)
linearly with the shear strain. Moreover, the saturations of normal
stress and shear stress in the post-yield region arise from the
magnetic saturations in MRG. On the other hand, since the
MR effect could be simply expressed as the ratio of field-on
shear stress to field-off shear stress (Chen et al., 2013) (i.e., MR
effect = ::—ioo), MRG with high shear tress is of great benefit
to design precise devices. Thus, it is necessary to study the
factors influencing shear stress. According to the research of Li
and Chen, the shear stress is mainly influenced by two factors:
magnetic force and friction force. The shear stress could be
predicted as follows (Li and Zhang, 2008; Chen et al., 2013):
T =T +tm =W Ng+7v-Ng where 17 and 1, represent
friction-induced stress and magnetic-induced stress, respectively,
and | is the friction coefficient. From the equations, one could
conclude that shear stress is strongly relevant to the normal
stress, particle—particle friction coefficient, and shear strain. Thus,
the ratio of shear stress to normal stress is proposed here and
may be helpful for better investigating the mechanism of the
magneto-responsive behavior of MRG from a new perspective.
The ratio of shear stress to normal stress as a function of shear
strain is displayed in Figure 9B. Although the ratio of shear
stress to normal stress, r, is r = Nid =y + W, the ratio under
different magnetic fields does not increase linearly with the
increase of shear strain. The variation of ratio with shear strain
could also be divided into two regions: pre-yield and post-yield
regions. The ratio appears as a rapid growth firstly (i.e., the pre-
yield region) and then reaches saturation (i.e., the post-yield
region) with the increase of shear strain. In the pre-yield region,
unordered particle structures gradually evolve into cluster-like
microstructures or complex network-like structures (Liu et al.,
2013) under constant magnetic field strength, which gives rise to
the increase of friction coeflicient. Thus, the ratio of shear stress
to normal stress grows in the pre-yield region. In addition, the
ratio reaches saturation in the post-yield region for the reason
that the shear stress and normal stress are both nearly constant
in that region (shown in Figure 9A). On the other hand, larger
ratio happens at smaller magnetic field strength, which is similar
with the results of MR fluid (Chen et al., 2013). This is because the
normal stress and shear stress increase at different levels with the
increase of magnetic fields. Taking the normal stress and shear
stress at 194 and 293 kA/m of magnetic field, for example, the
increment of shear stress is 3.4 kPa (from 3.2 kPa under 194 kA/m
to 5.6 kPa under 293 kA/m), while that of normal stress is 11.3 kPa
(from 8.4 kPa under 194 kA/m to 19.7 kPa under 293 kA/m).
Because normal stress was much larger than shear stress, with
normal stress being the denominator (r = Nid), higher ratio
happens under small magnetic fields.

It is worth noting here that the total shear stress could be
divided into two parts: the magnetic-induced elastic shear stress
and the friction-induced shear stress. Thus, to quantitatively
analyze the contribution of friction to shear stress, the shear
stress (Figure 10A) and storage modulus (Figure 10B) of MRG-
60 were tested under quasi-static loading and under oscillatory
loading, respectively. It can be seen from Figure 10A that the
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FIGURE 6 | The experimental results and fitting cures with the power model and magnetization model for MRG-40 (A), MRG-60 (B), and MRG-70 (C).

shear stress increases rapidly at small shear strain, whereas it
almost behaves independently from shear strain at high shear
strain. However, Figure 10A cannot show the information about
the specific contributions of magnetic force or friction force
to shear stress. Therefore, the oscillatory experiments with low
frequency were conducted, and the results are displayed in
Figure 10B. The storage modulus, G', of viscoelastic material
could represent an elastic part or magnetic force contribution
because the energy stored in the material could be recovered
after the shear is removed (Li and Zhang, 2008). The elastic shear
stress, Tg (i.e., magnetic force contribution), could be calculated
using the equation 1z = G'y, and the results are displayed in
Figure 10C. The stress difference between the results presented
in Figures 10A,C indirectly demonstrates the contribution of
friction to the total shear stress (i.e., friction-induced shear stress,
T =T — 1g). Taking MRG-60 at 391 kA/m of magnetic field
strength for example, the total shear stress is 7,554 Pa, and
the elastic shear stress is 4,672.1 Pa. Thus, the contribution of
friction force to shear stress is 2,881.9 Pa (approximately 38.2%
to the total shear stress). It implies that the friction contribution
plays a significant role in the total shear stress. Furthermore,
these discoveries may provide a great method to fabricate high-
efficiency MRG from a new aspect, such as increasing the friction
coefficient of magnetic particles.

Influence of Shear Rate on the Normal Stress
Behavior

To investigate the influence of the shear rate on the normal
stress behavior of MRG, Figure 11 shows the normal stress
of MRG-60 as a function of shear strain under four different
shear rates and constant magnetic fields. In the absence of a
magnetic field, the normal stress of MRG-60 is almost zero
(Figure 11A). The reason for this has been discussed in the

TABLE 1 | Magnitudes of the fitting parameters.

CIP content Magnetization model Power model
NH=0 (kPa) NH=oo (kPa) o k

40% —0.80 28.02 1.06868 0.39134

60% —1.07 126.70 0.49196 1.1683

70% —4.36 392.46 0.39778 2.95311

former section and for brevity will not be repeated here. The
normal stress of MRG-60 decreases dramatically in the first place
and then gradually goes into a stable state with the increase of
shear strain. It can be seen from Figure 11B that the normal
stress of MRG is higher under lower shear rate, which is
opposite to the findings of Ju et al. (2013). The experiments
were conducted three times, and the results did not change.
Theoretically speaking, according to the previous findings in Ju
et al. (2013), MRG is a kind of shear thinning material, which
means that the apparent viscosity of MRG decreases with the
increase of shear rate (Ju et al., 2013). Thus, the magnetic particles
need to overcome the stronger restrictions to form chain-like
microstructures under lower shear rate, resulting in the growth
of normal stress with the increase of shear rate. However, the
results shown in Figure 11B do not agree with that theory
and its corresponding phenomenon. The results displayed in
Figure 11B could be explained with the following hypothesis
(Liu et al., 2014; Mao et al., 2020). The macroscopic normal
stress behavior of MRG is primarily dependent on the evolution
of particle chain microstructure. The excited magnetic field and
shear strain are the two main aspects driving the transformation
of the interior particle chain structure. The contribution of the
magnetic field to the formation of stable long chains or dense
network structures is positive, whereas shear strain tends to
demolish the long chains or columnar aggregates. For a higher
shear rate (i.e., 0.083 s~1), the apparent viscosity is smaller, and
thus the resistance to the formation of particle chain is weaker in
comparison with the lower shear rate. However, smaller apparent
viscosity also means weaker resistance to the shear strain. Thus,
the demolishing effect of shear strain on long chains is more
considerable under a higher shear rate. Besides, MRG is given
less time (ie., 12 s) to complete the shearing under a shear
rate of 0.083 s~1. In this case, the smaller excited magnetic
field, i.e., 96 kA/m, could barely drive the transformation of
the interior chain structure. Contrarily, for a lower shear rate
(i.e., 0.005 s71), there is enough time (i.e, 200 s) for MRG
to thoroughly complete the reconstruction of the long chains
or dense network structures after being destroyed by shear
deformation. Thus, larger normal stress achieves a smaller shear
rate. This implies that the normal stress behavior of MRG
under quasi-static loading (i.e., particularly small shear rate)
is opposite to that under dynamic loading when the external
magnetic field is small.
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FIGURE 7 | Variation of the normal stress with shear strain for MRG-60 under four different magnetic fields and constant shear rate.
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Furthermore, the steady-state value of normal stress decreases
with the increase of the shear rate when the magnetic field
strength is small (such as 96 kA/m). That is to say, the shear
rate is influential on the normal stress behavior of MRG to a
certain extent. However, it is worthwhile to mention that the
influence of the shear rate on the normal stress behavior gradually
becomes insignificant with the growth of the excited magnetic
field strength. In other words, differences between the steady-
state value of normal stress still exist at 96 kA/m of magnetic
field strength while it nearly disappears in 293 kA/m of magnetic
field strength (as can be intuitively seen from Figures 11B-
D). It is because the magnetic interaction between particles is
powerful enough to drive the particle chains to behave stably
and robustly when the excited magnetic field strength is large
(e.g., 293 kA/m). Although the time for reconstruction of the
broken particle chains is less at a higher shear rate, the particle-
particle magnetic attractive force is strong enough to complete

the rebuilding of chains due to the presence of a higher magnetic
field (i.e., 293 kA/m). Also, the effect of the magnetic field on the
normal stress is much more considerable than that of shear strain,
as discussed in “Influence of Magnetic Field on the Normal Stress
Behavior” section. Therefore, the shear rate has little effect on the
normal stress of MRG in steady state under high magnetic field
strength (as shown in Figure 11D).

Influence of Carbonyl Iron Powder Content on the
Normal Stress Behavior

Figures 12A-C present the normal stress of MRG with three
different CIP contents as a function of shear strain under constant
magnetic fields and shear rate of 0.04 s~!. The normal stress
of MRG with various CIP contents is nearly negligible for the
lack of an excited magnetic field. The results and reason are
similar to those discussed in “Influence of Magnetic Field on
the Normal Stress Behavior” and “Influence of Shear Rate on
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the Normal Stress Behavior” sections and not displayed here
for simplicity. The curves presented in Figures 12A-C indicate
that the normal stress of MRG exhibits a rapid drop and then a
plateau with the increase of shear strain, which is also similar with
the changing regularity of normal stress-strain curve displayed
in Figure 7. Moreover, a higher CIP content will contribute to
larger normal stress under constant magnetic field strength. This
is because the more the magnetic particles, the more the long
chains, and the more the peak structures acing to push apart
the rheometer plate (Yao et al., 2015). Figures 12D-F display
the ratio of shear stress to normal stress of MRG with different
CIP contents under different magnetic fields. Most notably, the
ratio of MRG-60 is higher than that of MRG-40 and MRG-70
at the magnetic field strength of 293 kA/m while lower than
that of MRG-70 at the magnetic field strength of 391 kA/m.
Precisely speaking, the magnetic attractive force between particles
is dependent on the effective magnetic field (Lemaire and Bossis,
1991) (Heﬁ) rather than the applied magnetic field (Hgpp).
The effective magnetic field could be represented as Hpy =
Hgpp — 4mM. The magnetic magnetization M = Y H,y, where
Happ
WH, 5
permeability jp,, = 1+ 4mxH,;. The permeability grows with
the increase of CIP content, resulting in the decrease of magnetic

, where the

% is magnetic susceptibility. Thus, Hyy =

force. However, a larger quantity of chains will generate due to
the increase of CIP content, leading to the increase of magnetic
force. Thus, there exists a competition between the CIP content
and permeability. It implies that the stress behavior and ratio
are highly dependent on the CIP content of MRG and the
excited magnetic field (Guo et al,, 2012). Actually, the research
on magnetic powders also concluded similar results (Chen et al.,
2013); i.e., the variation of ratio with the CIP content is irregular
and unpredictable under a constant magnetic field. From the
changing regularity of ratio, one can also conclude that under
a constant magnetic field, the rapid increase of ratio means the
interior structures of MRG evolve from isotropic state with evenly
dispersed particles to anisotropic state with long particle chains
or dense network microstructures. Moreover, according to the
equationr =y + p, the reduction of ratio represents decline of
the friction between the iron particles when the magnetic field
and shear strain are constant. MRG with a moderate CIP content
possibly possesses a regular particle chain microstructure, while
that with a large quantity of magnetic particles might form an
irregular chain structure that induces the decline of friction
(Chen et al., 2013). However, the contribution of friction to
shear stress is considerably fundamental. Therefore, except for
magnetic field and CIP content, the ratio and normal stress
should both be taken into consideration when achieving a high
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FIGURE 11 | Variation of normal stress with shear strain for MRG-60 under different shear rates and constant magnetic fields: 0 kA/m (A), 96 kA/m (B), 194 KA/m

MR effect or high field-on shear stress. Further investigations on
the mechanism of this phenomenon are needed.

Normal Stress Behavior of
Magnetorheological Gel Under

Periodically Cyclic Loading Condition
Influence of Shear Strain Amplitude on the Normal
Stress Behavior

In this section, MRG-60 was selected as an experimental
sample to investigate the normal stress under periodically cyclic
loading condition. The shear strain increases linearly from 0
to 100% (or 20%, etc.) and then decreases linearly to 0%
under a constant shear rate. Subsequently, the shear strain
reversely processes from 0 to —100% and then from —100 to
0%. Figure 13A presents the variation of normal stress with
different shear strain amplitudes, and Figures 13B-F present
the enlarged view of normal stress-strain curves under various
shear strain amplitudes, i.e., 20%, 40%, 60%, 80%, and 100%.
Taking normal stress—strain curve under 100% strain amplitude,
for example, the black arrows represent the changing process of
the magneto-induced normal stress. The normal stress appears
as an abrupt increment immediately due to the application
of 194 kA/m of magnetic field strength. This results from

the magnetic interaction between the particles. After that, the
magneto-induced normal stress decreases rapidly due to the
negative contribution of tilted particle chains to normal stress.
Then, the dynamic balance between the strain-induced rupture
and magneto-induced rebuilding of particle chains occurs with
the continuous application of shear strain, which results in
the minimum value of normal stress (i.e., 8.73 kPa). When
the shear strain returns to 0% after it arrives at 100%, the
tilted and elongated chains start to constrict, and the gaps
between the magnetic particles begin to squeeze to some extent.
These effects are coupled together and contribute to the sudden
rise of normal stress. Therefore, a peak of normal stress (i.e.,
27.01 kPa) emerges. However, the effect of the rebuilding and
fracture of particle chains on normal stress is opposite. When
the effect of the fracture of particle chains is stronger than
that of rebuilding, the normal stress will descend again with
the continuous application of shear strain and magnetic field.
Thus, the normal stress could be adjusted in a large scale
from 8.73 to 27.01 kPa under cyclic loading. In addition, the
changing trend of normal stress at the other side will not
be discussed here due to the symmetry of normal stress—
strain curve.

It can be seen from Figures 13B-F that the shapes
enclosed by normal stress-strain curves change from
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a “butterfly-like” shape (Figure 13A) to a “tooth-like” shape
(Figures 13C-F). Moreover, the distances between the beginning
point and the terminal point increase progressively with the
increase of shear strain amplitudes, which can be intuitively seen
from the purple dotted lines in Figures 13B-F. In other words,
the terminal points of normal stress gradually tend to the steady-
state value (i.e., minimum value) with the increase of shear strain
amplitudes. For example, the terminal point is 18.79 kPa, and the
steady-state value is 9.62 kPa when the shear strain amplitude is
20%. However, the terminal point of normal stress is 8.56 kPa,
which is close to the steady-state value (i.e., 8.34 kPa) at the shear
strain amplitude of 100%. Another interesting phenomenon is
that the “slopes” of normal stress—strain curves at the unloading
stage (e.g., shear strain changes from 100 to 0%) become steeper
with the increase of shear strain amplitudes, which are shown as
yellow arrows in Figures 13B-F. These phenomena indicate that
normal stress of MRG changes sharply under higher shear strain
amplitudes while gently under lower shear strain amplitudes.
The results are significantly beneficial for the design of MR
devices because the shear strain amplitude is limited by the
structure of the devices.

CONCLUSION

This work focuses on the normal stress behavior of MRG
under quasi-statically monotonic loading and periodically cyclic
loading. The influence of magnetic field, shear rate, CIP content,
and shear strain on the normal stress was systematically analyzed.
The normal stress is nearly negligible due to the absence of dense
particle aggregates when the excited magnetic field is not applied.
In the presence of a magnetic field, the normal stress appears in
three various stages—a dramatic increase, then a rapid decrease,
and finally a steady-state value—corresponding to the three
various microstructures (i.e., stable chains along the direction
of external magnetic field firstly, then titled long chains under
the application of shear and the eventual dynamic equilibrium
between the fraction and rebuilding of chains, respectively). The
magnetization model, compared with the power model, could
better characterize the normal stress behavior of MRG under
magnetic field sweeping. Moreover, the normal stress is higher at
a smaller shear rate under quasi-static loading, whereas it behaves
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Owing to some of its specific advantages, magnetorheological fluid (MRF) has drawn
significant attention in a broad range of modern precision machining fields. With
the diversification and increase in demand, many novel structural configurations and
processing methods have been applied to mechanical machining equipment. Although
different applications using MRF have been proposed in the existing literature, the
classification, latest approaches, and further trend are not understood clearly for
the machining field. Therefore, the current applications such as machining auxiliary
equipment and surface polishing equipment that used MRF are summarized from
2016 to 2020, in this article. Especially, some detailed structures of equipment are
investigated, and relative limitations are analyzed based on the characteristics of MRF.
Finally, in view of the current equipment, advantages and defects are briefly reported; the
developing trends of modern precision machining with MRF are discussed. Therefore,
in the state-of-the-art review, the significant role of MRF in the machining field is
emphasized, which paves the way to innovative development and market selection.

Keywords: magnetorheological fluid, machining auxiliary equipment, magnetorheological fluid flexible fixtures,
surface polishing equipment, structure configuration

INTRODUCTION

Magnetorheological fluid (MRF) with milliseconds rheological phenomenon and flexible
magnetic field controllability has been widely used in the modern precision machining
field (Elsaady et al., 2020; Kulandaivel and Kumar, 2020; Nugroho et al., 2020). Based on
the transferable and adjustable liquid-colloid state, MRF has unique application advantages
in the development of machining auxiliary equipment (Jiang X. H. et al, 2020; Saleh
et al, 2020; Lv et al, 2021) and surface polishing equipment (Kumar et al, 2019
Nagdeve et al, 2019; Dubey and Sidpara, 2021; Gupta et al, 2021). Therefore, to improve
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product technology and reduce cost, the research of new MRF
equipment has become an important direction in the field of
mechanical machining (Wang and Meng, 2001; Park et al., 2007;
Bedi and Singh, 2016; Liu Z. et al., 2020).

For machining auxiliary equipment such as flexible fixture
and damping mechanism, the MRF plays a key role in some
research results (Wuertz et al,, 2010; Ma, 2017; Jiang et al,
2021; Kumar et al., 2021; Yu et al,, 2021; Zhou et al., 2021).
In machining production or other technical fields, objects with
an irregular surface are difficult to grasp and position by using
traditional rigid fixtures, and it is easy to cause damage to the
product when the surface contact stress is too large. Therefore,
the flexible fixture is essential in the production of machining
auxiliary equipment. MRF is a liquid flow state under normal
conditions. When an external magnetic field is applied, the
material appears in colloid state, whose viscosity is adjustable
by an electromagnetic system. Thus, the MRF has been applied
to the flexible fixture, where the security control of the product
is realized by adjusting the surface hardness of the fixture in
real time. Furthermore, in the machining field, such as the
technologies of turning, grinding, and boring, a workpiece
especially with an unstable structure may produce vibration,
therefore, it is necessary that the design of damper reduces
the vibration (Cheng et al., 2019; Oladapo et al., 2020; Chen
et al., 2021). Because the rheological response of MRF is in
milliseconds, the MRF damper has sensitive damping control
ability and great application potential in machining (Rahman
et al., 2017; Rafajowicz et al., 2020).

Moreover, with the requirements of surface polishing quality
and the diversity of polishing materials, the application of MRF
to improve the performance of polishing equipment has become
a recent research hotspot (Wang Y. et al., 2016; Zhong, 2020).
The MRF polishing technology uses a kind of flexible MRF
film formed by the rheological properties in the magnetic field
to polish the workpiece surface (Aggarwal and Singh, 2011;
Jain et al, 2012; Liang et al., 2021; Nguyen et al, 2021).
Compared with traditional polishing approaches, there is almost
no subsurface damage in the MRF polishing technology. In
addition, MRF polishing also has some other advantages, such
as recycled MRF, updated abrasive in real time, few tool wear,
stable removal function, and controlled hardness of MRF micro-
grinding head. Thus, based on the above-mentioned advantages,
MREF polishing technology plays an irreplaceable role in special
structural surfaces and application requirements.

Having thus described the basic concepts and categorization,
some typical machining auxiliary equipment and surface
polishing equipment with MRF are investigated from 2016 to
2020. In this work, approximately 70 academic articles have
been summarized from the 5 years, which report the application
methods, operation modes, and structural configurations of
machining equipment with MRF. Considering the above
classification, the proportions of different research directions
are shown in Figure 1. Moreover, some drawbacks of the
machining equipment with MRF are also analyzed. For a better
understanding of the MRF application, advantages, conclusions,
and development tendency of the MRF machining equipment
used in modern precision machining field are summarized.

f ‘

FIGURE 1 | Classification of MRF in modern precision machining according to
the referred literature.

MACHINING AUXILIARY EQUIPMENT

Magnetorheological Fluid Flexible
Fixtures in Machine Tool

Due to the increasingly complex shape of parts in the modern
manufacturing industry, mechanical processing is also developed
toward diversification and individuation. MRF flexible fixtures
with the characteristic of adjustable hardness have been used for
clamping brittle and complex parts, which is an important field
in modern precision machining (Kong et al., 2011).

In 2016 and 2017, an MRF flexible fixture was designed to
suppress vibration in the machining process for the aerospace
industry (see Figure 2). To suppress the vibration effect during
processing, natural frequency and mode shape function of the
thin-walled workpiece are deduced, and a dynamic equation of
the workpiece-fixture system considering the external damping
factor is proposed (Ma et al., 2016). In addition, a new
dynamic analytical model is proposed to determine the effect
of the damping factor on the dynamic response of thin-walled
workpiece in machining (Ma et al, 2017). In the device, the
workpiece is placed in the MRE, whose viscosity is adjusted
by the magnetic field of the coil. So, the workpiece is fixed
by pushing two sliding blocks symmetrically and processed
through a rotary cutter. The device reflects the advantages of
the MRF flexible fixture, but there is still displacement error,
which reduces the processing accuracy. In 2018, there are no
outstanding results of the MRF flexible fixture. Then, an MRF
flexible fixture was devised to study its performance as a support
for thin-walled parts in 2019, shown in Figure 3 (Wu, 2019;
Liu H. et al., 2020). In the device, a magnetic yoke is added on
one side of the electromagnetic coil to optimize the magnetic
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FIGURE 2 | The schematic diagram of flexible fixture system (Ma et al., 2016).
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FIGURE 3 | The schematic diagram of a flexible fixture model
(Liu H. et al., 2020).

circuit and improve the rheological properties of the MRF. The
effectiveness of the device is verified by inhibition tests. However,
the improved magnetic field reduces the working space of MRF
and limits the application of workpieces with large volumes.

In 2020, a clamping method with a MRF fixture was proposed,
and a theoretical model of shear stress was derived to find out the
coupling relationship between magnetic field intensity, thickness,
and position of a workpiece (Jiang X. et al., 2020). The method
can decrease cutting force and improve the accuracy of thin-
walled parts by carrying out milling experiments. Moreover,
to investigate the effects of vibration on thin-walled workpiece
in machining, Jiang X. H. et al. (2020) established a dynamic
model based on the Rayleigh damping matrix and the equivalent
force principle and proposed an auxiliary support method with
MREF. In this method, based on traditional MRF fixture structure,
magnetic field distribution is optimized, and the damping force
of the workpiece is deduced. The optimum parameters of the

MREF fixture such as the MRF volume, location, and magnetic
field intensity are determined to suppress the tool vibration.

Magnetorheological Fluid Damper in

Machine Tool

With the development of modern machining technology toward
high precision and productivity, tool vibration not only damages
the machining surface and shortens the life of the tool but also
increases the load power of lathe (Jung et al., 2020; Yan et al.,
2020). Tool vibration not only damages the machining surface
and shortens the life of the tool but also increases the load power
of lathe. Thus, various methods are used to reduce the tool
vibration, and MRF dampers have been proven to be effective in
suppressing vibration and improving performance (Tang et al.,
2016; Girinath et al., 2018).

In 2017, to obtain high precision and surface quality, a MRF
damper was developed to reduce tool vibration (Paul et al., 2017).
The behavior of the tool holder with the MRF damper was
investigated, where a vibration model was established to analyze
the amplitudes of tool vibration and chip thickness. From their
experiment, it was proved that the damping capability of the
turning tool and the efficiency of turning operation could be
improved considerably. Similarly, a MRF damper was designed
to monitor and control the performance of cutting tool for
turning operation (Kishore et al., 2018), and a second mode
of vibration using finite element software was used to obtain
dynamic stability of the cutting tool holder. In this device,
transmissibility and half power bandwidth approaches were used
to address the dynamic fluctuation of the cutting force. So,
the MRF damper could better control the noise and frequency
responsible for unstable machining and improve the processing
technology in terms of better surface finish on workpieces. Due
to the high slenderness ratio of the boring bar, boring operation
is highly prone to machining instability. A special boring bar
is designed with a rod mounted as an inverse cantilever (Biju
and Shunmugam, 2019). As shown in Figure 4, vibration of the
rod is adjusted by the viscosity of MRF. Experimental results
show that it can reduce the amplitude of vibration, surface
roughness, and roundness error. For the same purpose, a novel
MREF hydrostatic guideway system was designed to control the
machining vibration as shown in Figure 5 (Liu and Hu, 2019). In
addition, a computational fluid dynamics model is presented to
study the performance parameters of MR hydrostatic guideway
system. In this system, some working variables such as magnetic
flux density, initial pressure, and load, have been analyzed, and
performances such as flow rate, frictional force, and damping of
the system have been optimized.

In 2020, a semi-active MRF damper was designed to suppress
chatter conditions for the productions of thin-floor components.
In the device, enhance multistage homotopy perturbation
method and novel cutting force model were used to increase
productivity with high surface quality (Puma-Araujo et al,
2020). Furthermore, an MRF damper is proposed to increase
the stability of the boring process (Saleh et al., 2021). Besides
that, modal analysis is conducted on the boring bar with and
without the MR damper to obtain the frequency response
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FIGURE 5 | Scheme of MRF hydrostatic guideway system (Liu and Hu, 2019).

functions. As shown in Figure 6, the MRF with minimal
volume and electromagnetic circuit were placed on the outer
part of the boring bar, which makes it easy for installation and
adjustability of the bar. The damper has effectively damped the
vibrations of the test materials at different modes while using two
different boring bars.

Surface Polishing Equipment

Compared with the traditional polishing technology, MRF
polishing with super-high precision has been applied to the plane
and complex surfaces of the parts (Mutalib et al., 2019). As shown

in Figure 7, the MRF as a polishing fluid attaches to the surface
of the polishing wheel under the action of magnetic field, forming
a kind of solid state of ribbon on the contact surface of the
polishing wheel and workpiece. Thus, through the shear force in
the process of removal of surface material, polishing machining
of the workpiece is achieved. After removing the magnetic field
in the processing area, MRF returns to liquid state with good
fluidity and can be processed by recycling (Golini et al., 1999).
The material removal effect conforms to the commonly accepted
Preston equation in the field of optical machining, which is
described as follows:

MRR = KPVt (1)
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FIGURE 6 | Computer aided design (CAD) model of the boring bar MRF
damper with its components (Saleh et al., 2021).
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FIGURE 7 | Schematic diagram of magnetorheological polishing equipment
(Golini et al., 1999).

where MRR is the amount of material removed from the
workpiece surface; K is Preston coefficient, and related to
MRF composition, polishing zone temperature, and workpiece
material; P represents the pressure of MRF on workpieces; V
is the relative speed of the polishing wheel and the workpiece
surface in the polishing region; and ¢ is the polishing time.

It can be understood from Equation (1) that in addition to
the composition of MRE, the material removal effect is mainly
affected by pressure, relative velocity, and polishing residence
time. Therefore, to improve the polishing performance of MRF
with super-high precision, the influencing parameters of MRF
polishing can be optimized from the following three aspects:
optimization of MRF to suit different processing materials;
research on influence rule of different processing techniques on
the shape of the removed material; and control system design of
precision magnetorheological polishing.

In 2016, a precision MRF process using a small ball-end
permanent-magnet polishing head with a diameter of 4 mm was
proposed, where a peristaltic pump was applied to transport
the MRF to the workpiece processing area, and MRF from the
liquid tank was recycled (Chen et al., 2016). This transmission
mode not only avoids the pollution of traditional gear pump
but also helps to keep the composition of MRF stable. To
suppress the directional surface texture on the workpiece, a dual-
rotation MRF finishing (DRMRF) was developed based on the
surface texture model for DRMRF and quantitative method of
mathematical statistics (Wang Y. Y. et al, 2016). As shown
in Figure 8, there are two velocities of the wheel that are
perpendicular to each other for high surface quality. Similarly,
MREF polishing of ultra-smooth surface based on linear air gap
permanent yoke excitation is proposed for large polishing mode,
shown in Figure 9 (Wang, 2016). In the device, the particle chain
in the MRF is parallel to the surface of the workpiece, which
is beneficial to uniform shear force and large effective control
area. Moreover, the mathematical model to assess the quantity of
material removed was established, and performance parameters
such as flatness and material removal rate were analyzed by the
model. In addition, a magnetic field-assisted polishing technique
was developed for finishing three-dimensional (3D) structured
surface with MRF (Wang Y. L. etal., 2016), as shown in Figure 10.
In the device, the MRF was specifically modified by blending
carbonyl-iron (CI) particles, abrasive grains, and a-cellulose into
a magnetic fluid.

In 2017, a tool that has the same curvature as a cylindrical
surface was developed, which makes the MRF evenly distributed
on the surface of the cylinder, and the strength of the CI
particles chain is uniformly maintained over the flat tool tip
surface (Singh et al., 2016). Because the tool needs to match
the machined surface, this method is not suitable for machining
complex curved surfaces. Then, a ball-end MR finishing was
proposed for complex curved surfaces (Maan et al., 2017), and
whose abrasive wear mechanism was also studied by Alam and
Jha (2017). In terms of freeform surfaces, a MRF polishing
tool was proposed, where a permanent magnet was used to
control the rheological properties of the MRF (Barman and Das,
2017). The dimensions of the tool were optimized with finite
element software for a smooth grinding process with low energy
consumption. Furthermore, a solid core rotating tool with MRF
was developed for finishing of hardened AISI 52100 steel (Maan
and Singh, 2018). In this device, response surface methodology
was used for the parametric analysis of MRF nanofinishing
process, and thus surface cracks generated by the traditional
finishing process are eliminated. As the surface morphology
of bio-titanium alloy has a great influence on its application,
Barman and Das (2018) studied the characteristics of titanium
alloy polished by two types of MRFs. From the results, the
surface performance obtained from the MRF containing HF and
HNOj is better suited for the semi-permanent type of implants or
implants which partake in relative motion, while MRF containing
H,O; is better suited for permanent implants. In addition, as the
material removal rate achieved with MRF polishing is relatively
low, the concepts of gap slope and virtual ribbon were used to
develop a model of removal profiles in Belt-MRE, and the factors
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FIGURE 8 | The circulatory subsystem of DRMRF tool (Wang Y. Y. et al., 2016).

in the MRF polishing process were analyzed. From the results,
the magnetic field, the composition of the CI powder, and the
polishing depth have the greatest effect on material removal rate
(MRR) (Wang et al., 2017; Kim et al., 2018).

In 2019, to eliminate the labor-intensive efforts and the
subjective errors, a five-axis CNC ball-end MR finishing
process in a fully automated manner was developed to the
3D surfaces of the workpiece (Alam et al, 2019). In this
device, a customized controller was proposed, which enables
the precise and sequential control of motion as well as process
parameters. Furthermore, a material removal rate model of
MREF finishing with dynamic magnetic fields is proposed to

B-axis

IS A A A A AP AR AR AN A AN

MR ribbon

A-axis

PM yoke

FIGURE 9 | Schematic diagram of magnetorheological plane polishing
(Wang Y. et al., 2016).

analyze various technological parameters such as rotational
speeds of workpieces, magnetic poles, polishing disk, and
machining gap (Pan et al, 2019). As shown in Figure 11,
dynamic magnetic field is arranged in the device. In this
model, the theoretical simulation results favorably agree with the
experimental results. Similarly, some process parameters have
been optimized using response surface methodology (Chana and
Singh, 2019). By using the optimized parameters, the surface
finish was reduced to 70 nm from 480 nm in 23 h, and power
consumption was reduced by 25%. For finishing of small holes,
an MREF finishing set-up was designed, where higher values of
supply current, fluid flow rate, and finishing time with flat-
pole geometry have generated optimal machining performance
characteristics (Kataria and Mangal, 2019). In addition, due
to the disadvantage of wheel-type MRF finishing single-point
processing, multiple polishing heads with MRF are proposed,
where multiple magnets are used to form a specific magnetic
field and a plurality of flexible polishing heads are formed on

<arbonyl iron
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FIGURE 10 | The magnetic compound (MC) slurry polishing principle
(Wang VY. L. et al., 2016).
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the surface of the heads to process the surface of the workpiece
(Bin, 2019).

Recently, Yadav et al. (2020) found that the traditional and
advanced gear teeth profile finishing processes without the
control over the finishing forces produce different types of
defects such as micro-pitting, abrasive wear, and scuffing. So, a
process called MRF gear profile finishing was proposed (Yadav
et al., 2020), where the parametric study for finishing of the
EN24 hardened steel spur gear teeth profile was successfully
demonstrated with the technology, and the functional life of
gears has been significantly improved. A magnetic field-assisted
finishing tool for titanium workpiece has been developed, which
consists of a cylindrical permanent magnet and a magnet fixing
device (Barman and Das, 2019). There are parallel and helical tool
paths in the magnetic field-assisted finishing (MFAF) process,
and the lowest surface roughness produced by parallel tool paths
has better surface texture than helical tool paths. The reason is
that the surface topography and surface texture show reduced
surface roughness and scratches when the surface is finished
using parallel tool paths. To enhance the surface of the tapered
cylindrical workpiece, an MRF finishing process is developed
with magnetic rheological polishing (Singh and Singh, 2021). In

the device, some parameters such as the variation in linear
velocity, helix angle, and the helical path are analyzed to perform
uniform finishing on the variable surface. Moreover, a new
method with MRF for polishing flat borosilicate glass surfaces
has been developed (Zhang et al., 2020). For this method,
a reciprocating polishing tester is designed, which uniformly
supplies the MRF to produce a flat surface on the workpiece.
This greatly reduces the number of peaks and pits on the surface
of borosilicate glass and gives a good polishing effect. The
finishing forces during the MRF polishing process are analyzed
and modeled, where the final surface roughness model has
been proposed to predict the polishing performance. The results
show a gradual growth of surface precision with polishing time
and an augment of polishing efficiency with increasing initial
surface roughness (Peng et al., 2020). Moreover, a theoretical
model was developed to predict the reduction in the surface
asperities during the magnetorheological finishing of the external
cylindrical surfaces. The percentage error is from 4.76 to 3.06%,
which shows good agreement between the theoretical model and
the experimental results (Singh and Singh, 2020). A novel MRF
polishing process is developed to use in the internal surface of
titanium alloy tubes (Song et al., 2020). In this process, rotation
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TABLE 1 | The techniques and application of MRF surface polishing equipment in 2016-2020.

No. Techniques Application References
1 Small ball-end permanent-magnet polishing Small concave surfaces Chen et al., 2016
2 Dual-rotation magnetorheological polishing Directional surface Wang VY. Y. et al.,
2016
3 Large magnetorheological polishing Ultra-smooth flat surface Wang Y. et al., 2016
4 A magnetic compound (MC) slurry Mirror surface of miniature V-grooves Wang V. L. et al.,
2016
5 Curved tool tip surface magnetorheological polishing External cylindrical surfaces Singh et al., 2016
6 MR ball end with solid rotating tool core Nano surface Maan et al., 2017
magnetorheological polishing
Ball-end magnetorheological finishing process Complex 3D surfaces Alam and Jha, 2017
8 Magnetic field—assisted finishing (MFAF) process Freeform surfaces Barman and Das,
2017
9 Magnetorheological solid core rotating polishing Hardened AISI 52100 steel surfaces Maan and Singh,
2018
10 Novel MFAF polishing Bio-titanium workpiece surface Barman and Das,
2018
11 Magnetorheological fluid polishing by an electromagnet Aluminum alloy (AIB061-T5) workpiece surface Kim et al., 2018
with straight-pole piece
12 Belt magnetorheological finishing Large-aperture optics surfaces Wang et al., 2017
13 Automated five-axis CNC ball-end magnetorheological Nanofinishing of 3D surfaces Alam et al., 2019
finishing
14 Cluster magnetorheological finishing with dynamic Single-crystal silicon substrates Pan et al., 2019
magnetic fields
15 Magnetorheological solid core rotating tool AISI H13 die steel cylindrical surface Chana and Singh,
2019
16 Continuous flow magnetorheological fluid finishing Small holes of aluminum 6063 alloy-based metal matrix Kataria and Mangal,
process composite 2019
17 Multiple polishing heads magnetorheological finishing Optical components surface Bin, 2019
18 Magnetorheological gear profile finishing process Gear profile surface Yadav et al., 2020
19 MFAF process Bio-titanium alloy surface Barman and Das,
2019
20 Magnetorheological solid core rotating polishing Tapered cylindrical AISI grade D2 tool steel workpieces Singh and Singh,
surface 2021
21 Reciprocating MR polishing method Borosilicate glass surface Zhang et al., 2020
22 Novel magnetorheological polishing (MRP) process Internal surface of titanium alloy tubes Peng et al., 2020
23 Compound magnetic field magnetorheological (MR) Annular surface of titanium tubes Song et al., 2020
polishing
24 Wheel-based magnetorheological finishing process Oxygen-free high conductivity (OFHC) copper surface Ghosh et al., 2021

motion of tube and reciprocating linear motion of polishing
head are carried out simultaneously resulting in helical motion
trajectory of abrasive particles on the workpiece surface, as
shown in Figure 12. Because of the extremely lower hardness of
copper, wheel-based MRF finishing process has been developed
to attain Nano-level surface roughness (Ghosh et al., 2021). In
the process, the main controlling parameters, such as the wheel
speed, working gap, and feed rate are analyzed, where the MRF
with a higher working gap, lower wheel speed, and feed rate can
realize Nano-level surface roughness.

The techniques and application of MRF surface polishing
equipment, developed during 2016-2020, are summarized in
Table 1. As can be seen from the table, MRF surface polishing
can be applied to the workpiece with various complex surfaces of
both metal and non-metallic materials.

MREF polishing process becomes one of the most promising
green and intelligent precision machining methods in the future.

There is a trend toward the development of the MRF polishing
process with super-high precision research from miniaturization
(below millimeter) with complex shape workpiece to large
scale (several meters) with ultra-smooth flat surface. To obtain
precision control, MR polishing equipment is being developed to
achieve intelligent control.

CONCLUSION

In this work, studies on the main applications of MRF in modern
precision machining field from 2016 to 2020 are reviewed, which
include machining auxiliary equipment and surface polishing
equipment. Furthermore, machining auxiliary equipment is
divided into MRF flexible fixture and MRF damper in the
machine tool. Through the above literature, it is understood that
several MRF precision machining technologies focused on the

Frontiers in Materials | www.frontiersin.org

May 2021 | Volume 8 | Article 678882


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Luetal.

Magnetorheological Fluid

composition of MREF, the arrangement of space magnetic field,
and the structural configuration of the equipment.

Because the solid-liquid state of MRF is controlled by the
external magnetic field, the MRF flexible fixture can clamp the
parts with complex shape, which is convenient for processing.
However, the research work on MRF flexible fixture, which is
mainly used for processing small parts, is still in the laboratory
stage. For larger objects such as the aviation and marine
parts, the required MRF flexible fixture will be large, which
is not easy to achieve in terms of technology and cost. In
addition, with the increasingly complex shapes of the modern
machining parts, the MRF flexible fixture has a good development
prospect, but the working stability of this fixture needs to be
further improved.

The application of MRF damper to suppress tool vibration is a
new research field in recent years. Compared with the traditional
damper, the MRF damper can better suppress the vibration of
the machine tool, prolong the life of the tool, and improve
the performance of the machine tool. However, the research
methods are relatively simple at present, which mainly include
the improvement of semi-active controller, the optimization of
magnetic circuit design, and the stability of MRF performance.
Due to the complex and variable vibrations in machine tool
machining processes, there are few research studies on damper
control algorithms. Therefore, it is urgent to improve the control
effect of the machine tool and reduce adverse vibrations in the
existing structural equipment.

In terms of surface polishing equipment, MRF with
conversion in milliseconds forms solid state on the parts
that need to be processed and turns into liquid state while
taking away the debris, which ensures the accuracy of
processing and improves the efficiency of processing. The MRF
polishing processing has irreplaceable advantages compared with
traditional polishing and has been widely used in precision
and ultra-precision machining. But, the current MRF polishing
equipment also needs to strengthen the magnetic rheological
polishing research on the non-spherical surfaces, broaden
processing adaptability, improve the machining efficiency, and
reduce the processing cost.
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In the magnetorheological (MR) impact buffer system, the internal or external disturbance
of the MR damper is one of the main factors that affect the buffer performance of the
system. This study aims to suppress or eliminate the influence of the disturbance of the MR
damper. The continuous terminal sliding mode control (CTSMC) strategy with a high gain
has a strong antidisturbance ability. However, the high gain may cause fluctuation of the
damping force of the system. Therefore, a composite control strategy of sliding mode
active disturbance rejection control (ADRC) based on an extended state observer (ESO) is
proposed in this study. The total disturbance of the system is estimated by the ESO in real
time, and the estimated disturbance is used as a feedforward compensation to the
controller to reduce the influence of disturbance on the system. The gain of the CTSMC law
of the closed-loop system can be reduced. In addition, the Lyapunov stability criterion is
used to ensure the stability of the proposed controller. In order to verify the performance of
the proposed CTSMC controller on response speed, overshoot, and hysteresis
suppression ability, the window function, square wave function, and multistep function
are given as the inputs of the control system. To verify the performance of the proposed
sliding mode ADRC for the MR impact buffer system, the mechanical model and the
control model are established and simulated using MATLAB/Simulink. The simulation
results show that the CTSMC controller has the fastest response time and no overshoot
and can suppress the hysteresis nonlinearity of the MR device compared with the open-
loop control, PID control, and fractional order PID control. The MR impact buffer system
with the sliding mode ADRC obtained the minimum peak value of 4350N within the
permitted buffer displacement range compared with the other three traditional control
methods. That means the proposed control method in this study has the advantage on
buffer performance for the MR impact buffer system.

Keywords: MR fluid damper, disturbance, continuous terminal sliding mode, active disturbance rejection control,
shock buffer system
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INTRODUCTION

With magnetorheological (MR) fluid as the working medium,
MR dampers, a kind of semiactive control device with a new
structure, have a simple mechanical structure, fast response speed
at the millisecond level, low power consumption, damping force
that can be continuously adjusted forward and backward in a
wide range, etc. These excellent characteristics make them have
broad application prospects in the fields of impact resistance and
high-speed vibration reduction and have been initially applied in
the fields of aerospace, vehicles, buildings, bridges, and civil
engineering (Carlson, 2002; Liu et al, 2005; Wereley et al,
2011; Hughes et al., 2017; Guo et al., 2019; Tudon-Martinez
et al., 2019; Du et al,, 2020; Yoon et al., 2020). Currently, MR
dampers are mainly used in low-speed, low-frequency random
load scenarios. In recent years, the application of MR dampers in
high-speed impact bumper systems has aroused great interest
among researchers, for example, in the landing process of aircraft,
the recoil process of weapons, and vehicle operation on bumpy
roads (Ouyang et al., 2016; Shou et al., 2018; Bai et al., 2019; Yuan
et al., 2019).

MR dampers, a low-cost small-size smart device that generates
a big damping force, have been applied in the field of high-speed
vibration damping, such as semiactive suspension systems of
vehicles, aircraft landing cushion systems, and wave impact
processes of speedboats. The MR intelligent suspension system
plays an important role in improving vehicle damping, and the
selection of suitable controllers can reduce the road-transmitted
shocks, thus attracting the widespread attention of domestic and
foreign researchers. M. Ahmadian of Virginia Tech University
proposed that one of the key issues for the successful application
of MR dampers in shock buffer control systems is what control
strategy is used to make up for the lack of dampers (Ahmadian
and Poynor, 2001). Choi and Wereley (2003, 2005, 2015) studied
the response of MR damper suspension systems in military
vehicles and automotive seats under impact load and
developed a set of nonlinear semiactive control systems. Bai
et al. (2012) designed a bidirectional controllable MR damper
to improve the performance of impact and vibration by using the
sky-hook control algorithm. Rahmat et al. (2019) designed a fast
practical control (FPC) algorithm with less computational
strength. The control performance of the system was
compared by using the control algorithms of sky-hook and
FPC under different levels of impact energy. The results show
that compared with the sky-hook control, the FPC controller
improves the impact response, acceleration response, and force
response by about 17.73%, which can better reduce the impact
energy. Dong et al. (2010) adopted the sky-hook control
algorithm, hybrid controller, LQG controller, sliding mode
controller, and fuzzy controller and compared the
performance of vehicle vibration reduction using these five
control algorithms under different road conditions. Sliding
mode control has a significant damping effect. During the
landing of helicopters, the pilots or passengers often suffer
waist injuries due to the huge impact force. Therefore,
researchers applied MR dampers as energy absorbers in
aircraft damping systems and devoted considerable effort to
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control strategies in this system. Choi and Wereley (2003,
2015) successively proposed a sliding mode controller with
good robustness for parameter variations and external
disturbances and an optimal Bingham number control
strategy, and they verified the effectiveness of the control
strategies by experiment. Dong et al. from Chongqing
University developed a new type of variable stiffness damper
based on the MR damper and established the control model. The
damping performance of the MR damper was evaluated by drop
test. The experimental results show that an MR damper can
effectively reduce the impact load of spring-mass (Dong et al.,
2011). The above research progress shows that MR dampers are
sufficiently feasible and advanced in the field of high-speed
vibration damping. In addition, the large amount of effort put
into this field has led to a good understanding of the control
method of MR dampers under high-speed vibration damping.
However, the impact buffer system is usually subject to
instantaneous large shock loads, with a short acting time and
strong uncertainty, which makes the shock-resistant system more
severe than the high-speed vibration damping system. As an
important factor in the controlled damping force of the impact
bumper systems, the control strategy of MR dampers has been
discussed extensively. But there is little research about the control
strategy of MR dampers due to the highly nonlinear, time-
varying, and uncertain nature of the system parameters of MR
dampers in impact loading applications. Browne et al. of General
Motors carried out a series of 1.0-10 m/s velocity and magnetic
field strength impact tests on MR fluids by using a free-flight
falling tower device. The results showed that the damping force,
displacement, and energy absorption of MR dampers are
dependent on the strength of the applied magnetic field and
can be adjusted by varying the strength of the applied magnetic
field (Browne et al., 2009). The inherent hysteresis nonlinearity of
the MR dampers makes it difficult to obtain the desired magnetic
field strength. To compensate for the MR damper hysteresis, Li
and Gong et al. designed an MR damper embedded in a Hall
sensor and a hysteresis compensation system by using PID
controllers to adjust the magnetic flux density. Experiments
and simulations show that the measured flux density can track
the set signal well and verify the effectiveness of the hysteresis
compensation control algorithm in the MR impact buffer system
(Li et al., 2019). M. Ahmadian et al. obtained different impact
energies by releasing the drop hammers from different heights
from the falling tower, producing an impact load with a
maximum velocity of 6.604 m/s acting on the MR dampers,
and experimentally controlling the recoil motion in the
antirecoil device of large- and medium-caliber firearms. The
results showed that the MR damper can effectively reduce the
recoil force and improve the firing accuracy and the stability of
the system (Goncalves et al., 2006; Ahmadian and Norris, 2008).
Professor Wang Jiong from Nanjing University of Science and
Technology studied the control algorithms of an MR damper
under impact load. The delay fuzzy adaptive control, delay fuzzy
PID control strategy, optimal buffer control strategy, and fuzzy
control strategy have been proposed successively. The four
control methods were verified by experiments and have a
better buffer effect to improve the cushioning property of the
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MR damper recoil system compared with the passive control (Li
and Wang, 2012). The above studies show that the effectiveness of
MR dampers under impact buffer conditions has been verified
experimentally, and valuable control methods were provided.
However, there are some shortcomings in the control effect, such
as the “platform effect,” where the output damping force-buffer
displacement does not reach the optimum due to the initial peak
value. One of the reasons for the unsatisfactory control effect may
be that the MR damper is subject to various external and internal
disturbances under the impact load. Domestic and foreign
scholars mainly research the influence of temperature on the
MR damper. Under the impact load, the MR damper experiences
a great temperature change due to electromagnetic coil resistance
heating and energy dissipation, while the temperature can affect
the rheological properties of MR fluids significantly (McKee et al.,
2011). The experimental results of Breese et al. with regard to MR
dampers of different sizes showed that the peak damping force is
significantly lower with the increase in temperature and pointed
out that this was caused by the decrease in fluid viscosity
(Gordaninejad and Breese, 1999). D.C. Batterbee’s research
showed that the force/velocity and force/displacement
characteristics of the MR damper are significantly affected by
the temperature variation. The research also pointed out that the
increased temperature increases the effective fluid stiffness and
reduces the yield stress and post-yield viscosity characteristics
(Batterbee and Sims, 2009). Xia Fan et al. from Nanjing
University of Science and Technology studied the effect of
temperature on the damping performance of the MR damper.
The shear test of the MRF-132DG MR fluid of the LORD
company was carried out with or without a magnetic field.
The experiment showed that the viscosity and yield stress of
the MR fluid changed more obviously under the influence of
temperature and the influence degree of temperature decreases
with the increase in magnetic field strength. In addition, the
mechanical properties of the MR damper were tested usinga W +
B mechanical property testing machine, and the results show that
the viscous damping force of the damper is greatly affected by
temperature (Xia et al., 2020). These studies show that the fluid
viscosity and damping force of the MR damper decrease with the
increase in temperature, affecting the stability of the controller.
Therefore, the effect of temperature on the dynamic performance
of the MR damper cannot be ignored. However, in the impact
buffer system, not only temperature disturbance exists in the MR
damper but also some other disturbances, for example, the
parameters of the mechanical model of the damper will
change due to uncertain disturbances such as settlement and
oil leakage (Wang, 2018), the intrinsic hysteresis nonlinearity of
the MR damper, the unmodeled dynamics of the system, and
unknown disturbances in the external environment under the
impact load, all of which may lead to unsatisfactory control
results. Therefore, the ADRC strategy is one of the possible
solutions to solve the unsatisfactory control effect of MR
damping in the impact bumper system.

ADRC and sliding mode control are two good control
methods to deal with system uncertainty and external
disturbances. With its low dependence on the system model,
ADRC can act on various internal uncertainties and external
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disturbances and has strong robustness, including extended state
observer, feedback controller, and disturbance compensation
(Han, 1998). The extended state observer estimates the
unmeasurable state and the total disturbances of the system
through the input-output information and compensates them
in the process of controller design so as to achieve the
antidisturbance effect. Sliding mode control is a kind of
nonlinear control algorithm. The sliding mode surface can be
designed and is independent of object parameters and
disturbance, which makes sliding mode control have the
advantages of fast response, insensitivity to system parameter
change and disturbance, no need for system online identification,
and simple implementation. Because of these advantages, both
domestic and international scholars have carried out deep
research on the use of sliding mode ADRC to suppress
disturbances in control systems, and it is gradually applied in
practical projects, such as motor and power system control
(Zheng et al., 2015), robot control (Tan et al, 2010), aircraft
control (Wang et al., 2010), and satellite attitude control (Meng
et al,, 2010). As the tilt-rotor aircraft system is susceptible to
internal and external disturbances, Zheng et al. applied the ADRC
sliding mode composite controller to the attitude control of tilt-
rotor aircraft and designed a new sliding mode observer that can
accurately estimate all kinds of disturbances, and the dependence
of the controller on the model was reduced. The simulation
results show that the composite controller is effective in attitude
tracking and disturbance rejection of tilt-rotor aircraft (Pan et al.,
2017). In the context of severely uncertain system parameters and
completely unknown external disturbances, Awais Shah and
Huang et al. designed a nonlinear adaptive sliding mode
controller for height and attitude tracking, which is suitable
for all four-rotor UAV systems, and the effectiveness and
robustness of the control method were verified by simulation
and experiment (Huang et al., 2020). Wang et al. (2020) adopted
the fuzzy sliding mode ADRC method to reduce the influence of
dynamic uncertainty, hydrodynamic force, and unknown
disturbance on the trajectory tracking performance of
underwater robots. Compared with the traditional PID and
fuzzy logic control, the simulation results show that the
proposed control method has lower power consumption and
better performance. Problems such as system parameter changes
and uncertain disturbances have led to the low control accuracy
of the permanent magnet synchronous motor servo system. To
address this problem, Alonge. F. of the University of Palermo
proposed an ADRC based on the sliding mode. On the one hand,
the ADRC method was used to deal with internal and external
disturbances. On the other hand, the sliding mode controller was
used to compensate the uncertainty in the estimation error and
control gain. Simulations and experiments were performed to
verify the antidisturbance and robustness of the controller
(Alonge et al., 2017). Lai et al. (2011), in order to suppress the
effect of the hysteresis characteristics on piezoelectric ceramic
actuators, designed a segmented boundary layer sliding mode
variable control rate to compensate for the hysteresis nonlinearity
that the Preisach inverse model cannot completely offset, the
uncertainty of model parameters, and disturbances. The
experimental results show that the control method can ensure
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FIGURE 1 | Simplified mechanical model of magnetorheological (MR)
impact buffer system.

the positioning accuracy of the nanometer positioning platform.
The ADRC based on the sliding mode combines the ADRC and
sliding mode controller to learn from each other. The above
research has verified that the sliding mode ADRC can overcome
the uncertainty of the system and has strong robustness to
disturbance, parameter perturbation, and unmodeled dynamics.

This study mainly discusses the influence of disturbance on
the MR shock buffer system and proposes an ADRC based on the
sliding mode. First, the disturbance signals of temperature and
hysteresis are analyzed and established, and the CTSMC is
proposed. Then, for the high gain of the CTSMC control law,
the steady-state damping force of the impact buffer system will
fluctuate, and the sliding mode ADRC strategy is proposed. By
introducing an extended state observer (ESO), the internal or
external disturbances of the system were regarded as “total
disturbances,” which are estimated online as extended states,
and the influence of disturbances on the system is compensated
by the feedback control law; the CTSMC control method can
ensure that the system converges to the equilibrium point in a
finite time. At the same time, the Lyapunov stability criterion is
used to ensure the stability of the proposed controller. Finally, two
systems are established in MATLAB/Simulink: one is to verify the
response time, overshoot, and the ability of hysteresis suppression
of CTSMC, and the other is to verify the buffering performance of
the MR shock buffer system using the sliding mode ADRC, which
uses the Bingham mechanical model to calculate the damping
force of the damper. To verify the advantages of the proposed
controllers, an open-loop controller, a PID controller, and a
fractional PID controller are established and simulated for
comparison. The simulation results verify the disturbance
suppression ability of the proposed controller, and a better
buffer effect was achieved overall.

CONTROL STRATEGY

Control Objectives

The mechanical model of the MR impact buffer system is
simplified as shown in Figure 1. The system includes an MR
damper and a mass. When the mass is subjected to an impact

120 -
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Impact force F pt /KN
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1 " 1 L 1 L 1 " 1 1 1 " ]
20 30 40 50 60
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FIGURE 2 | Simulated impact signal.

Damping force of MR damper

\

Damping force of traditional damper

Damping force

Buffer displacement

FIGURE 3 | Curve of control target.

force Fy, the MR damper outputs the damping force F,,, and the
buffer displacement of the mass is expressed as x. According to
Newton’s second law, the motion (Eq. 1) of the system can be
described as follows:

1

where Fy; is the impact force, x is the buffer displacement of the
mass, m is the mass of the object subjected, and F,,,, is the output
damping force of the MR damper, which is composed of two
parts: controllable Coulomb damping force F: = c;7,sgn[u(t)]
and uncontrollable viscous damping force F, = 1. ¢; and ¢, are
the coefficients related to the size of the MR damper, where ¢; =
W and ¢; = %}f"ﬂ). The MR damper used in this
study is the same as that used in the article by Li et al. (2019),
where ¢, = 0.01546N/pa. Without considering the disturbance
caused by temperature, let n=0.19, then ¢;=921.8 N s/m.

The impact buffer system is characterized by large impact
force and extremely short action time. The impact force is
adopted in the simulation as shown in Figure 2. As shown in

f}t"F%w = mx,
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FIGURE 4 | Ideal curve of controllable damping force F, ;.

Eq. 2, only when the output damping force F,,,, of the MR damper
is equal to a constant, a good buffer effect can be obtained. To be
specific, according to the law of conservation of energy, the area
enclosed by the buffer displacement and the output damping
force of the damper is constant, as shown in Figure 3. It can be
seen from this figure that only when the output damping force
curve is constant, can the peak of the damping force be minimized
within the limited displacement. Therefore, only when the
relationship of the damping force and the buffer displacement
shows a “platform effect,” the MR impact buffer system is the
most stable and can obtain the best buffer effect (Li et al., 2019).

2

Fur_i = F; + F; = F; + ¢;X = constant,

where F,,, ; is the ideal damping force.

Assuming that the ideal output damping force of the MR
damper is equal to 4,000 N regardless of the influence of
temperature on the damping force, the ideal controllable
Coulomb damping force of the MR damper F,, can be
obtained by combining Eqs. 1, 2, as shown in Figure 4.

Disturbance Rejection for Controlling Magnetorheological System

According to the Bingham mechanical model, the controllable
damping force F; is a nonlinear single-valued function of
magnetic flux density B. Therefore, the input of the control
system can be converted from ideal Coulomb force to ideal
magnetic flux density, as shown in the following equation:

5 -o(%)

However, the dynamic viscosity and the damping force of the
MR fluid decrease with the increase in temperature (Wilson et al.,
2013). Therefore, the effect of temperature on the damping force
must be considered when the MR damper is applied. LORD
company’s research (Blanchard, 2003) showed that the viscosity
of the MR fluid is in a power exponent relation with the change in

3)

temperature; ~ approximately, the  viscosity-temperature
characteristic  of mineral hydraulic oil meets the
viscosity-temperature relation, namely,
A (T-
Ny =nge” . (4)

In this study, the MR fluid used in the damper was produced
by Ningbo Shangong Intelligent Safety Technology Co., Ltd. Its
model is SG-MRF2035. According to the experimental data of
dynamic viscosity and temperature in the manual, the
relationship between temperature and dynamic viscosity of the
MR fluid can be fitted in MATLAB, the fitting result is shown in
Figure 5 and the corresponding equation is as follows:

Hy = 0.9357¢~0-0088(T~4.47)_ (5)

Under the influence of temperature, the damping coefficient ¢;
of the damper changes with the dynamic viscosity #; of the MR
fluid, which leads to the change in the viscous damping force F,
eventually. The change in the damping force caused by
temperature is regarded as a disturbance in this study. By
referring to the theoretical model of temperature increase
(Gordaninejad and Breese, 1999; Figure 6), three sets of
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FIGURE 5 | Characteristic curve of MR fluid (7 ~ 7).
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FIGURE 6 | Internal temperature simulation curve of MR damper.

different temperature disturbance curves are designed, which are
20-40, 20-50, and 20-60°C.

It is well known that the ferromagnetic particles in the MR
damper cause the hysteresis nonlinearity of the damper, which is
manifested as the hysteresis nonlinearity between F,, ~ I (Li
et al., 2019), which limits the application of the MR damper to a
great extent, so hysteresis is treated as a disturbance in this study.
The experimental results of the article (Li et al., 2019) show that
the maximum hysteresis of the MR damper used in this article is
0.03 T. So the hysteresis disturbance signal of the MR impact
buffer system is established, as shown in Figure 7.

Design of Magnetic Flux Density Controller
Based on CTSMC

According to the MR coil electromagnetic circuit, the theoretical
model for the response features of magnetic flux density was
established (Li et al., 2018):
. 1 K1
B=-—B+-U, 6
B+ ©
where T is the response time constant and K; is the system gain.
Considering the internal uncertainty and external disturbance
of the system, the system can be rewritten as follows:

B=0bU +f(B,dt), (7)

whereb = %‘ ,f (B, d, t) is considered to be the total disturbances,
and d(t) is the external disturbances. The total disturbances
include the external and internal disturbances of the MR
damper, such as hysteresis, temperature, and unmodeled
dynamics.

Let B, denote the magnetic flux density reference signal. Then
the magnetic flux density tracking error is defined as follows:

e=B,-B. (8)

When the derivative of e is substituted into Eq. 7, the
differential equation of the flux density tracking error can be
obtained as follows:

0.035 -

L —— Given hysteresis disturbance signal
0.030 |-
0.025 |-

0.020

0.015

hysteresis B/T

0.010

0.005 |-

0.000

1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
Time t/s

FIGURE 7 | Hysteresis curve of MR damper.

é=B,—bU.-f(B,d,1). 9)
The terminal sliding surface is designed as
s=ce+eé. (10)

The CTSMC law is designed as (Wang et al., 2016)

Ue = b (teg + 1), (11)
Ugg = CE+ B,, (12)
t
u, = kj sgn(s)dr, (13)
0

where ¢ > 0,k > 0, and sgn is the symbolic function. We ignore the
disturbance and uncertainty of the system and set s = 0 to obtain
the equivalent control u,,. Through analyzing s, substituting u =
Ueq + Uy to 5, and making ss < — y|s| hold, the switching robust
term u, of the control law can be obtained.

Hypothesis 1: Suppose the derivative of f (B, d, t) is bounded,
and there is a constant k; > 0, such that

(B,d, 1) <kg t>0. (14)
f 8.d0)

Theorem 1: Suppose the system satisfies Hypothesis 1. Under
the control law (Eqs. 11-13), when the gain meets k > ky, the
magnetic flux density error of the system converges to zero in a
finite time.

Proof: According to Eq. 9, the terminal sliding surface (10)
can be rewritten as follows:

s=ce+é

=ce+B, - bU.-f(B,d,1t), (15)
Substituting Eqs 11-13 into Eq. 15 yields
s= —u,—f(B,d,1). (16)

1

Taking the Lyapunov equation as V = 1s* and the derivative of
the sliding surface (16) along the flux density tracking error
system (9) yields
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§=—1i, — f (B,d, 1). (17)
Hence,

ss= —kls| - f(B,d, t)s, (18)
V=ss= —kis|-f(B,d,t)s
< —KkJs| + [f’(B,d, t)||s|
=-[k-|f®.d.0]]isl (19)
< = [k—k4]ls|
= V2 (k- k) V2.

It can be proved from the above inequality that if k >k, the
magnetic flux density error will reach the terminal sliding surface
in finite time t,. The total time from s(0) #0 to e(f) = 0 can be
calculated as follows:

V2VE(0)

t=t<

"7 (k-kd)’ (20)

where ¢, is the time from s(0)#0 to s(t,) = 0. Therefore, the
magnetic flux density error will converge to zero in a finite time.
The theorem is proved.

From Eqgs. 11-13, it can be seen that the control term U, is
continuous, although Eq. 13 includes the high-frequency
conversion term sgn (s). Therefore, the CTSMC law eliminates
the chattering caused by the switching term.

According to the above design process, the control system
based on CTSMC is obtained, as shown in Figure 8. The magnetic
flux density sliding mode controller is in the dashed box, the input
of the sliding mode controller is the error e between the ideal
magnetic flux density and the actual magnetic flux density, and
the output is the control voltage U, of the MR damper. The
system adjusts the magnetic flux density B by voltage U, to track
the ideal magnetic flux density. In addition, the MR impact buffer
control system based on CTSMC was built in MATLAB/
Simulink, as shown in Figure 9. The system includes the
sliding mode magnetic flux density controller, the simulated

impact force, the theoretical model for the response features of
magnetic induction intensity, and the Bingham mechanical
model. At the beginning of the simulation, let T = 20°C, from
Eq. 5, 1, = 0.82, then ¢; = 3978.3N - s/m. The corresponding
damping force can be calculated by substituting the Bingham
mechanical model. More specifically, as shown in Figure 6, the
temperature changes with time, and the value of #; at this
temperature can be calculated according to Eq. 5, and then,
the corresponding damping force can be calculated. The
disturbance hysteresis curve, shown in Figure 7, is added with
the magnetic induction generated by the theoretical model of the
magnetic induction response characteristics to obtain the
inherent hysteresis characteristics of the MR fluid damper.

DESIGN OF THE SLIDING MODE ADRC
CONTROLLER

Design of the ESO

The ESO can estimate the original system state and
disturbance together; in addition, the ESO regards internal
and external disturbances as the new state of the system. The
biggest advantage of the ESO is that it does not rely on the
generated disturbance model, nor does it use the functional
relationship of the controlled object. The controller can
eliminate the system disturbance signal estimated by the
ESO, so as to achieve the purpose of auto disturbance
rejection (Han, 1998).

f(B,d, 1) is considered as a new extended state of the system.
Let x; = Band x; = f (B, d, t), then system (7) can be written as
the following equation of state:

{xl :x2+bUC) 21)

% = c(t)

where c(t) =f(B, d, t).
The second-order linear ESO design of system (21) is as
follows:
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{Z’l :.22—2W0(ZI—X1)+I7UC) (22)

2 = —WS (z1 —x1)

where b is the gain of the control, —w is the double pole expected
by the ESO, and wy > 0. z; and z, are estimates of the states x; and
X, respectively. State z; converges to B asymptotically and state z,
converges to total disturbance f(B,d,t). The convergence rate
can be adjusted by the parameter wy. Based on the disturbance
estimate of the ESO, a feedforward compensator is designed to
suppress the system disturbances.

Control Law Design of the Sliding Mode
ADRC

The CTSMC control law not only enables the closed-loop system
to have strong antidisturbance ability but also can eliminate
buffeting. However, in the case of strong disturbance, the
CTSMC control law needs a higher gain to eliminate
disturbance. The sliding mode ADRC control method can
greatly reduce the CTSMC law gain while compensating the
total disturbances of the observation system in real time.

The control law of the sliding mode ADRC is shown in Egs.
23-25:

Ue = b (tteg + 1, - 22), (23)

Ueg = CE+ B,,

t
u, = kj sgn (s)dr,
0

(24)

(25)

where ¢>0, k>0, and sgn is the symbolic function.
Hypothesis 2: Suppose the derivative of e; is bounded, and
there is a constant k,; >0, such that

64 (0] <k 120,

where e;(t) = f(B,d,t) — z, is the error of the estimate of
the disturbance and f(B,d,t) is the disturbance of
system (7).

Theorem 2: Suppose system (7) satisfies Hypothesis 2. In the
control law (Egs. 23-25), the magnetic flux density error of the
system will converge to zero in a finite time if the gain satisfies
k> ked~

Proof: According to Eq. 9, the terminal sliding mode surface
(10) can be rewritten as

s=ce+é
— ce+B, —bU. —f(B,d,t). (26)
Substituting the control law (Eqs. 23-25) into Eq. 25 yields

s= —u, —ey(t). (27)
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Taking the Lyapunov equation as V = 1s* and the derivative of
the sliding surface (27) along the flux density tracking error
system (9) yields

§=—1i, —eq (1)

=k-sgn(s)—ey '(t), 28)

Hence,

s§= —kls| - eq (V)s. (29)

According to Hypothesis 2, the above equation can be
rewritten as follows:

V=ss= —kls|—eq(t)s
< —Ks| + |es (O)]Is]

The above inequality can prove that if k > k.4, the magnetic
flux density error will reach the terminal sliding surface in a finite
time and hold there. The calculation of total time ¢, from s(0) # 0
to e(ts) = 0 can be referred to the CTSMC control strategy, and
the proof is completed.

The block diagram of the sliding mode ADRC system is shown
in Figure 10. The input of the controller is the error e of the ideal
magnetic flux density and the actual magnetic flux density, and
the output is the control voltage U, of the MR damper. Moreover,
the input of the ESO is the control voltage U. and the actual
magnetic flux density B of the MR damper, and the outputs are
the estimations of the disturbance f(B,d,t) and the estimated
magnetic flux density value of the MR damper. Furthermore, the
estimated disturbance is used as the feedforward compensation to
the sliding mode controller to reduce the disturbance effect on the
MR damper, and the gain of the CTSMC law can be adjusted. As
shown in Figure 11, an MR impact buffer control system based

. on the sliding mode ADRC law was built in MATLAB/Simulink.
=T [k ~ lea (t)|] Is| (30)  Itis different from the CTSMC control law in that this system has
<~ [k—k]ls| one more ESO. The treatment of temperature disturbance and

§ hysteresis disturbance is the same as in the CTSMC control
=—V2(k- ked)V%. system.
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RESULTS AND DISCUSSION

Verification of Hysteresis Suppression

The ideal magnetic flux density input signal includes low-
frequency signals and high-frequency signals. Among them,
the low-frequency signal is a window function and the high-
frequency signal includes a high-frequency window function and
a multistep function. The maximum amplitude of each analog
input signal is set to 1T. Open loop, PID, fractional PID, and
CTSMC strategies are adopted to suppress the hysteresis
nonlinearity of the MR damper. The simulation results are
shown in Figure 13 and Figure 14. In Figure 14, A and C are
hysteresis disturbance curves, which are drawn based on the
open-loop simulation result that uses the Jiles—Atherton (J-A)
model to describe the hysteresis characteristics of the MR damper
(Li et al, 2019), as shown in Figure 12. It can be seen from
Figure 12A that the hysteresis characteristic of the MR damper in
the positive stroke can be ignored, but there is a 30% hysteresis of
the reverse stroke in 0.8~1 s. Therefore, in the simulation in this

article, 30% hysteresis is added to the system in 0.8~1s of the
reverse stroke to form the hysteresis disturbance curve of the
window function. As above, the hysteresis curves of the system
with the input signals of the high-frequency multistep function
and high-frequency window function can be obtained.
According to B and D in Figure 13, after the signal begins to
drop in the open-loop control system, the magnetic flux density
output by the MR damper cannot track the ideal magnetic flux
density. There is a certain amount of hysteresis; at the same time,
there is about 20% oscillation at the signal drop point, which
seriously affects the control accuracy of the system. In the PID
and fractional PID control systems, the changes of the input
signal can be tracked by the output signal of the magnetic flux
density, but compared with CTSMC, the PID control system has a
response time of 0.03 s and 0.7% remaining magnetic, fractional
PID control system has 2% overshoot. Compared with the other
three control methods, CTSMC has a response time that can
almost be neglected and no overshoot in the dynamic process, so
that the output can quickly track the input, which shows that
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compared with the other three control methods, CTSMC has the
most obvious suppression effect on hysteresis. The impact
loading duration of the MR impact buffer system is very short,
always less than 0.1s. To verify whether the hysteresis
suppression control method can work normally in the impact
buffer system, two high-frequency input signals were used for
simulation. As shown in Figure 14A and C, the origin of the
hysteresis curve at high frequency is the same as that at low
frequency. The simulation results are shown in Figure 14B and
D. Under the condition of high-frequency input signals, the
suppression effect of the hysteresis of the four control
strategies is not much different from that under low-frequency
input signals, which shows that the disturbance suppression
control method put forward in this article is suitable for the
impact buffer system with a short working cycle and is beneficial
for improving the disturbance suppression ability in the MR
impact buffer system.

Verification of Temperature Suppression

When using an MR damper, the influence of temperature must be
considered. As shown in Figure 6, three groups of different
temperature disturbance curves are designed, which are
20°C-40°C, 20°C-50°C, and 20°C-60°C. In the case of three
groups of different temperature disturbances, the simulation

results of the impact buffer system using the CTSMC
controller and the CTSMC + ESO controller are shown in
Figure 15 and Figure 16. It can be seen from Figure 15 and
Figure 16D that the buffering effect of the system is close to the
“platform effect” and consistent with the control objective, except
for the peak damping force at the beginning. Moreover, the peak
damping force output by the MR damper does not change with
temperature changes, which indicates that the CTSMC control
system and the CTSMC + ESO control system are not sensitive to
temperature changes and can effectively suppress the temperature
disturbance in the MR shock buffer system.

Simulation Results of the MR Impact Buffer

Disturbance Rejection Control System

Under the circumstance of hysteresis disturbance and
temperature (20-50°C) disturbance, the simulation results of
the MR impact buffer system under the controller of open
loop, PID, fractional PID, CTSMC, and the sliding mode
ADRC are shown in Figure 17 and Table 1. The standard for
evaluating the performance of the MR impact buffer system is
that the curve of the output damping force and buffer
displacement shows a “platform effect.” In the action stage of
the impact force, since the impact force is far greater than the
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FIGURE 16 | Simulation results of MR impact buffer system under CTSMC + ESO control strategy. (A) Displacement. (B) Velocity. (C) Damping force. (D) Damping
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resistance, the energy of the impact load determines the peak
value of the speed. As shown in Figure 17B, the speed reaches the
peak quickly before 0.005 s, and the peak speed is about 3.7 m/s
and then quickly drops to 0. This indicates that the peak speed has
nothing to do with the control algorithm and is determined by the
energy of the impact load and the structural size of the damper.
From the perspective of the output damping force-displacement
curve in Figure 17D, it can be seen that the buffering effect under
open-loop control is far from the ideal buffering effect during the
entire buffering process, and the damping force cannot be
maintained as a constant. The damping force-displacement
curves under the PID and fractional PID control strategies
show that the peak damping force is much larger than the
ideal value of 4000 N, and the control effect is close to
constant except for the initial part of the buffering process.
CTSMC and the sliding mode ADRC method have a better
buffering effect, of which the latter is the most satisfactory
one. Compared with the other four control algorithms, the
sliding mode ADRC algorithm has the smallest initial
damping force peak, the “platform effect” between damping
force and buffer displacement is more obvious, and the
control process is close to a constant. Meanwhile, the buffer
displacement of the entire damper system increases significantly,

while the output damping force becomes smaller, which is
completely consistent with the set control target.

To facilitate the analysis and comparison of the effects of the
five control methods, Table 1 is made. In addition to open-loop
control, the displacement of the other control methods is about
148 mm, but the peak value of the output damping force of the
sliding mode ADRC algorithm is much smaller than that of the
other control algorithms, 1944 N smaller than the maximum
output damping force, and the peak damping force is effectively
weakened. In addition, compared with CTSMC, the gain of the
sliding mode ADRC is 9,000 smaller, which can reduce the
pressure of the controller and improve the control accuracy.
The simulation results show that disturbance is one of the
important reasons for the unsatisfactory buffering effect and
further show that the two control strategies proposed in this
study have a certain degree of suppression on disturbance during
the impact stage. In brief, in the presence of disturbances,
compared with other control strategies, the sliding mode
ADRC obtains the overall optimal buffering effect, which is
consistent with the set control target, and suppresses the
influence of temperature and hysteresis disturbances on the
shock buffer system and reduces the high gain of the CTSMC
law simultaneously.
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TABLE 1 | Comparison of maximum displacement and peak damping force of five control methods.

Control method Gain (K) Maximum displacement (mm) Peak
damping force (N)

Open loop - 112 6,294
PID - 148 5,769
PPD - 148 5,066
CTSMC 11,000 147 4,759
CTSMC + ESO 2000 148 4,350
CONCLUSION system’s total disturbance to reduce the gain of the CTSMC law and

disturbance suppression. Finally, two simulation experiments are
In this article, the disturbance suppression control method of the MR~ carried out in MATLAB/Simulink. One of them uses window
impact buffer system is studied. First, in order to suppress the influence ~ function, square wave function, and multistep function as ideal
of disturbance on the MR impact buffer system, the temperature  input signals to verify the response time, overshoot, and
disturbance and hysteresis disturbance of the system are analyzed.  suppression of hysteresis nonlinearity of the CISMC method. The
Meanwhile, the related disturbance signals are described, and the  second is to establish a simulation model of the MR shock buffer
CTSMC law is proposed. Then, considering that the high gain of  system in MATLAB/Simulink to verify the antidisturbance ability and
the CTSMC control law will cause the steady-state damping force  buffer performance of the system by using the CTSMC method and the
fluctuation of the MR impact buffer system, a sliding mode ADRCis  sliding mode ADRC method. In order to highlight the advantages of
proposed. The Lyapunov stability criterion can ensure the stability of ~ the proposed controllers, an open-loop controller, a PID controller, and
the CTSMC strategy, and the feedforward compensation term based  a fractional order PID controller are used as a comparison. Numerical
on the ESO disturbance estimation is designed to compensate for the  simulations show that the CTSMC controller has fast response speed,

Frontiers in Materials | www.frontiersin.org 96 June 2021 | Volume 8 | Article 682215


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Wang et al.

no overshoot, and eftectiveness in restraining the hysteresis of the MR
damper. In addition, the simulation results of the MR shock buffer
system show that the peak value of the output damping force is the
smallest, about 4350 N, when the sliding mode ADRC strategy is
adopted in the presence of hysteresis and temperature disturbance;
however, the output damping force of the system with the other four
control methods is much larger than the ideal value of 4000 N.
Furthermore, the gain of the CTSMC can be reduced from 11,000
to 2000 while ensuring better buffer performance. This means that the
sliding mode ADRC method proposed in this study is suitable for the
MR shock buffer system and can improve the buffer performance of
the system under impact load.
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The application of magneto-sensitive (MS) rubber in a vehicle vibration control area
is likely to be expected. This conclusion is based on the following two reasons: the
maturity of fabrication of MS rubber which meets the application requirement and the
feasibility of the constitutive model of MS rubber that accurately reflects its mechanical
performance. Compared with the traditional rubber, small ferromagnetic particles are
embedded in the elastomer of MS rubber, leading to a change of mechanical properties
when an external magnetic field is applied. Therefore, devices with MS rubber, can
be viewed as a semi-active actuator. In this study, MS rubber with a relative high
increase in the magneto-induced modulus is fabricated and characterized. Furthermore,
a one-dimensional constitutive model to depict the magnetic field-, frequency-, and strain
amplitude-dependent dynamic modulus of MS rubber is applied. Finally, simulations of
a MS rubber semi-active suspension under a bump and a random ground excitation
with different control strategies on a quarter vehicle model are conducted to illustrate the
feasibility of the MS rubber in the vehicle vibration control application context.

Keywords: magneto-sensitive rubber, vehicle vibration control, constitutive model, magnetic-dependent dynamic

modulus, frequency-dependent dynamic modulus, strain amplitude-dependent dynamic modulus, MS rubber
semi-active suspension

1. INTRODUCTION

The performance of vehicle suspensions is closely related to the automotive noise, vibration,
and harshness (NVH) issue (Heifling and Ersoy, 2011). In order to improve the ride comfort
and the road holding ability and to reduce suspension deflection, three types of suspensions,
namely, passive, active, and semi-active, are utilized. The passive suspension has the advantage
of cost-effectiveness and design simplicity. However, its stiffness cannot be adjusted according
to the external loadings. Therefore, the performance of the passive suspension is limited.
Regarding the active suspension, it can exert control force independently without relying on the
structural response, which makes it effective to reduce vibration. Nevertheless, its high cost, design
complexity, and the lack of stability when the power input is cut off under extreme conditions
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prohibit its practical application (Martins et al., 1999). The
recent progress in smart material development makes the semi-
active vehicle suspension to have a superior suspension measure.
In particular, desired vibration-reduction performance is more
likely to be achieved by semi-active suspensions, compared to
the results using passive suspensions. Furthermore, less energy
is consumed by semi-active suspensions when compared with
active ones. In the past few years, magneto rheological (MR) fluid
(MRF) (Zhang et al., 2004; Biglarbegian et al., 2008; Wilson and
Abdullah, 2010; Phu and Choi, 2019; Du et al., 2020) was widely
used in the semi-active control area due to its rapid response,
temperature insensitivity of the mechanical property, and its high
MR effect. However, it is worth noting that although the motion
of the suspension can hinder the settlement of ferromagnetic
particles in MRF, the increased zero-field viscosity due to the wear
of ferromagnetic particles after a long-term operation will reduce
the vibration control effect of MRF suspensions (Hu et al., 2012).
For magneto-sensitive (MS) rubber, ferromagnetic particles are
fixed in the elastomer matrix, thus avoiding the problem of
ferromagnetic particle wear and material leakage (Bastola et al.,
2019). Therefore, semi-active suspensions based on MS rubber
provide a feasible and practical solution to the vibration control
problem for vehicles.

The research of MS rubber can be divided into three
categories, including fabrication optimization to improve the
mechanical property, constitutive modeling of MS rubber, and
exploring of possible applications of MS rubber. Davis (1999)
analyzed that the optimum particle volume fraction for MS
rubber to achieve the highest magnetic modulus is 27%.
This conclusion was verified experimentally by Lokander and
Stenberg (2003) and Zhou (2003). Subsequently, the influence
of the matrix type (Shen et al, 2004), coupling agent (Chen
et al,, 2007a), pre-structuring (Li et al., 2008), and the surface
modification (Jiang et al., 2008) of particles on the MR effect and
damping property of MS rubber were investigated. Tong et al.
(2018) fabricated a kind of MS rubber with an improved field-
induced storage modulus by mixing flow-like particles into the
elastomer matrix. It can be foreseen that it will be possible to
fabricate MS rubber with a good mechanical performance and
a high relative MR effect to meet the engineering application
needs, due to the rapid development of MS rubber, including the
optimization of their manufacturing process.

In order to predict the mechanical performance of MS
rubber, constitutive models with strain and magnetic field
strength as inputs and stress as output are needed. Initially,
Jolly et al. (1996) developed a magnetic dipole model to
simulate the shear modulus increase of MS rubber under a
magnetic field. The dipole model was further extended by
taking the viscoelastic behavior of MS rubber (Chen et al,
2007b), the interaction of multi-chains (Zhu et al., 2006),
and the distribution (Zhang et al, 2010) of chain angles
into account. In parallel, constitutive models based on the
rheological theory were developed to depict the magnetic field-
related non-linear viscoelastic behavior of MS rubber (Li et al.,
2010; Chen and Jerrams, 2011). Wang et al. (2018) developed
a constitutive modeling-electromagnetic analysis combining
method to describe the mechanical behavior of MS rubber. By

using the methods mentioned, the mechanical behavior of MS
rubber under a small deformation can be predicted accurately.
In order to predict the mechanical performance of MS rubber
under a large deformation, Dorfmann and Ogden (2003) as well
as Kankanala and Triantafyllidis (2004) derived the fundamental
balance principles of magneto-elastic materials based on the
continuum mechanical theory. Subsequently, the continuum
mechanical-based model was further expanded to include the
viscoelasticity (Saxena et al, 2014), anisotropy (Bustamante,
2010; Danas et al., 2012), and the strain amplitude-dependent
non-linear behavior of MS rubber (Wang and Kari, 2020). Based
on the work of Kankanala and Triantafyllidis (2004) and Zhao
etal. (2019) developed a model for hard-magnetic particle-based
MS rubber. However, for the application of MS rubber in the
field of semi-active vibration control, normally, the required force
and structural responses are known values where the magnetic
field required to achieve the control force needs to be calculated.
Accordingly, an inverse model with stress and strain as inputs
and the magnetic field strength as output is needed. Current
research (Jungetal., 2011; Yang et al., 2016; Wang and Kari, 2019)
showed that a better vibration reduction effect can be achieved by
MS rubber-based devices, as compared to the traditional passive
ones, by controlling the stiffness of MS rubber-based devices
discontinuously through switching the magnetic field between
zero and saturation state (on-off control). Compared with the on-
off control strategy, the development of the inverse model makes
the continuous adjustment of the stiffness of the MS rubber-based
device a reality. Therefore, it can be foreseen that a semi-active
control strategy based on the inverse model of MS rubber can
achieve an even better vibration control effect than the previously
mentioned on-off control strategy.

To explore the application of MS rubber, Liao et al. (2013)
and Sun et al. (2018) designed MS rubber vibration absorbers
with the function of tracking external excitation frequency
and verified the vibration control effect experimentally. Wang
et al. (2017) designed a conical shaped MS rubber-tuned mass
damper with an improved stiffness changing ability. Blom and
Kari (2012) designed an MS rubber bushing and demonstrated
that an optimal isolation effect can be obtained by changing
the magnetic field under different frequencies. Subsequently,
Alberdi-Muniain et al. (2012, 2013) verified the previous
conclusion experimentally. Wang and Kari (2019) simulated the
vibration control effect of a MS rubber isolator under a random
loading case by using a fuzzy logical control algorithm. Jin et al.
(2020) explored the possible application of MS rubber in high-
speed railway vehicles. Fu et al. (2019) investigated the design
method of an adaptive fuzzy controller for a MS rubber vibration
isolator under time-varying sinusoidal excitation. In the field
of automobile suspension, Du et al. (2011) deduced the design
method of the control gain of the MS rubber semi-active seat
suspension H-infinity controller under the conditions of stiffness
saturation and parameter uncertainty. Liu et al. (2020) used an
adaptive neutral network control design method to simulate the
control effect of the MS rubber-based seat isolator under a bump
and a random road excitation. However, the magnetic field-
dependent non-linear viscoelastic behavior of MS rubber has
not been fully taken into account. Meanwhile, Liu et al. (2020)

Frontiers in Materials | www.frontiersin.org

June 2021 | Volume 8 | Article 659780


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Wang et al.

Magneto-Sensitive Rubber Vehicle Suspension

applied a polynomial expansion fitting method to determine the
relationship between the shear modulus of the MS rubber isolator
and the magnetic field strength. However, the method is only
suitable for some specific working conditions which is difficult
to extend directly to practical application situations.

In this study, a silicone rubber-based MS rubber with a
relatively high MR effect is fabricated and characterized on a
commercial rheometer. Subsequently, a constitutive model which
depicts the magnetic field-dependent non-linear viscoelastic
behavior of MS rubber is applied to depict the mechanical
performance of MS rubber. Furthermore, an inverse model based
on the constitutive model of MS rubber with stress and strain
as input and the magnetic field strength as output is proposed.
On the basis of the constitutive and inverse model, the H-infinity
control strategy is used to simulate the vibration control effect
of the MS rubber-based vehicle suspension under a bump and a
random road excitation.

The research in this study includes material fabrication,
characterization, forward and inverse modeling, and simulation
analysis, covering a broad application range for MS rubber in
vibration control area. The research performed in this article is
meaningful for advancing the application of MS rubber in the
vehicle suspension area. Furthermore, the forward constitutive
model and the inverse model proposed can also be used in other
semi-active control scenarios.

2. CHARACTERIZATION AND
CONSTITUTIVE MODELING OF MS
RUBBER

2.1. Material Fabrication and

Characterization
The MS rubber sample in this study was fabricated by mixing
silicon rubber (type multi-purpose silicone sealant, Selleys Pty
Ltd., Australia), silicon fluid (XIAMETER PMX-200, Dow
Corning GmbH, United States), and carbonyl iron particles
(CIPs, type CN, BASE, Germany diameter 7 um on average)
with a mass fraction ratio of 2:1:7 at room temperature. After
mixing for 5 min, the mixture was placed in a vacuum chamber
with a pressure of 0.06 MPa for 10 min to remove air bubbles.
Subsequently, the mixture was put into a mold under a magnetic
field strength of 1T for 30 min. After the CIPs were chained, the
mixture was left for 48 h at room temperature for post-curing.
The images of the MS rubber sample under the scanning electron
microscope (Gemini 500, Carl Zeiss, Jena, Germany) at different
magnification rates are in Figure 1, where arrows represent the
chain direction of the iron particles. It can be seen that most iron
particles are distributed along the chain direction in the matrix
and that there is no large-scale clustering of the iron particles.
After MS rubber was fabricated, the sample with a diameter of
20 mm and a thickness of 2.12 mm were put into a commercial
rheometer (Physica MCR 301, Anton Paar Co., Austria) to test
the dynamic performance of MS rubber. The test was performed
at room temperature 22 & 1 °C. Throughout the test, the external
magnetic field was parallel to the iron particle chain direction,
while the twist direction of the commercial rheometer was

perpendicular to the chain direction. During the measurement,
three kinds of conditions were altered: strain amplitude (1, 2,
and 5%), magnetic field strength (0, 0.17, 0.34, 0.51, 0.68, and
0.83T), and frequency (1, 2, 5, 10, 20, 30, 40, 50, 60, 70, and
80 Hz). All combinations of the above three types of conditions
were measured, recorded, and averaged over 20 periods. In order
to avoid the influence of the Mullins effect (Mullins, 1969),
a repeated shear strain where the strain amplitude is slightly
larger than the maximum test shear strain was applied before the
measurements started. The repeated preloading was terminated
when the test results of two consecutive cycles are the same.

Test results for the magnitude and loss factor of the shear
modulus vs. frequency with different strain amplitudes and
magnetic field strengths are shown in the dot symbols in
Figures 2-4. Similar to the measurement result by Blom and
Kari (2005), the measured shear modulus of MS rubber shows
a magnetic field, frequency, and strain amplitude dependence.
Specifically, a higher frequency, a stronger magnetic field
strength, and a lower strain amplitude led to an increased
shear modulus magnitude, while the loss factor almost keeps
constant under different frequencies, magnetic field strengths,
and strain amplitudes. Furthermore, it can be found that the
increasing rate of the shear modulus magnitude, with respect
to the increasing magnetic field strength, slows down gradually
until a magnetic saturation is reached for the material. Although
the shear modulus magnitude of MS rubber seems to increase
after 0.83 T, the upper limit of the magnetic field strength in the
test was nevertheless set to be 0.83 T due to the sharp rise of
the test object temperature that is generated by even stronger
magnetic fields.

2.2. Constitutive Modeling

An elastic spring with a parameter pe , a viscoelastic element
with parameters a and b, and a frictional element with
parameters Tgn.x and yj,2 in parallel are used to depict the
dynamic mechanical behavior of MS rubber. Initially, a fractional
derivative viscoelastic element is utilized to depict the frequency-
dependent shear modulus of MS rubber and to simplify the
parameter identification. The relation between the viscoelastic
stress Tye and strain y for the fractional derivative element in
frequency domain is

Tye = b(ja))a);> (1)

where () represents the Fourier transform, j is the imaginary
unit, and o is the angular frequency. From Equation (1), it can
be observed that the modulus magnitude bw* increases with
increasing frequency and the loss factor tan (ax/2) is a constant
value for the fractional derivative element. For more details
regarding the fractional derivative model, please refer to Lubich
(1986), Lion and Kardelky (2004), and Kari (2017, 2020).

In order to simulate the strain amplitude dependence of the
shear modulus of MS rubber, a smooth frictional stress model is
used (Berg, 1998). The relation between the friction stress (z¢) and
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FIGURE 2 | Shear modulus magnitude and loss factor of MS rubber vs. frequency with 1% strain. Lines and symbols are the simulation and experiment results,
respectively.
strain y is the basic material parameters by using the measurement
results at zero magnetic field. The function Isgnonlin in
Tf = Tfs MATLAB® (MATLAB Release 2015b, The MathWorks, Inc.,
=) [Tfmax — sign () ffs] @) Natick, Massachusetts, United States) is utilized for parameter
+

y 1= sign (7) 7] + sign ) [y = ]’

Tfmax
where Ty, and yj, are model parameters, representing the
maximum friction stress and the strain where one half of Tgy,x
is reached and y represents the strain rate. Initially, 7,, = 0 and
ys = 0. When the loading direction is changed, gy, and i)z
are updated (if y = 0, 7 = Ttly—o and ys = J/|y=o)- For more
details regarding the smooth frictional stress model, the reader
is referred to Berg (1998). By Equations (1) and (2), the total
dynamic modulus G* in frequency domain is

T

G* = pe + b(jo)" + 7 (3)

After establishing the basic frame of the constitutive model, a
non-linear least square fit method is implemented to obtain

identification. In the process of parameter identification, the
objective function is set as

2
>

Obj = 3 |Grrea (1) — Gliy (D) (4)
i=1

where Gy, (i) and G¥, | (i) are the measured and simulated shear
modulus of MS rubber, respectively. The symbol i represents
the number of loading cases ranging from 1 to 33 since there
are 3 kinds of strain amplitude and 11 kinds of frequency
during the test under zero magnetic field. The identified material
parameters are /,Lg = 34587 x 10*Nm™2, a = 02071, b =
34587 x 10*Ns*m™2, 70 =3.2583 x 10*Nm™2, and y{,, =
2.6820 x 1072, where symbols with a superscript zero represent
the material parameters at zero magnetic field.
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FIGURE 4 | Shear modulus magnitude and loss factor of MS rubber vs. frequency with 5% strain. Lines and symbols are the simulation and experiment resullts,

Compared with the generalized Maxwell model, less material
parameters are needed for the fractional derivative element
to depict the viscoelastic behavior of rubber materials (Haupt
and Lion, 2002). Thus, the material parameters are easier to
identify for the fractional derivative element. The solution of the
viscoelastic stress of the fractional derivative model at the current
time step Tye (nAt) in time domain is

Tye (MAY) =D Z cj(a)”_jy [(n —J) At], (5)

j=1

where cj(@) = L, ¢l@) = (j—1—a)c-1(e)/j and At
is the time interval for the numerical implementation. As a

comparison, the solution of the viscoelastic stress of the Maxwell
element at the current time step (Simo and Hughes, 2006) is

At
Tye (NAL) = Gexp <——> Tye [(n — 1) At]
o ©)
+ Gexp <—%) {y (nAt) —y [(n — 1) Atl]},

where G and 75 are the modulus and the relaxation time of the
Maxwell model, respectively. The equivalence of Equation (6) in
frequency domain (Serra-Aguila et al., 2019) is

ion

v ™)

A
Tye =

1 +iwn
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By comparing Equations (5) and (6), it can be seen that in order
to obtain the viscoelastic stress at the current time step, only
stress and strain data at the previous time step are needed for the
Maxwell model. However, data of all strain history are needed to
obtain the current viscoelastic stress for the fractional derivative
element. Therefore, for numerical implementation concern, the
Maxwell model is more effective than the fractional derivative
element as the time step increases. Taking into account the
need for the subsequent time domain simulation, three Maxwell
models in parallel are used to substitute the previous fractional
derivative model. The identified parameters Tf?n o and )/10/2 are
fixed for the second round of parameter identification. The new
material parameters identified are ©¢ = 6.7583 x 10*Nm™2,
Gy = 1.8256 x 10*Nm™2, G, = 3.1283 x 10*Nm™2, G3 =
6.2925 x 10* Nm™2, 7, = 1.8256 x 10715, 7, = 1.5884 x 10 %,
and 3 = 2.3592 x 10735 with a relative error between the
measurement and simulation result of 2.769%. The comparison
between the measurement and simulation results are in Figure 5.

After modeling the frequency and the strain amplitude
dependence, the magnetic field dependence of the shear modulus
of MS rubber depicted by a hyperbolic tangent function is
included in the constitutive model. According to Berg (1998), the
area of the hysteresis loop for the smooth frictional stress model
increases with increasing g,y and decreasing y1,2. Following the
path of Blom and Kari (2011), the magnetic field dependence is
included in g,y and yy,2 by

B
Thmax = |:1 + 8y tanh? (—)j| Tf?nax (8)
By
and

B
Y2 = [1 =+ 82tanh2 <E>i| )/10/2, (9)

S

where B is a material parameter used to reflect the magnetic
saturation behavior of MS rubber and §; and 8, are parameters
to reflect the magnetic enhancement of MS rubber. To guarantee
that the loss factor is a relatively constant value with respect to
the magnetic field strength, the hyperbolic tangent function is
included into the elastic part as well

B
e = |:1 + 83tanh? (—)] ,u,g,
B

where the meaning of 83 is similar to §; and §. The third round
of parameter identification was conducted and the magnetic-
related parameters are B, = 0.4263T, §; = 16.2172, §, =
0.6538, and 83 = 2.0776, with a relative error of 8.707 %. The
comparison between the simulation and measurement results
are in Figures 2-4. It can be found that the magnetic field-,
frequency-, and the strain amplitude-dependent modulus of MS
rubber can be well depicted by the model developed. Since three
Maxwell elements without magnetic dependency are utilized to
simulate the frequency dependency of MS rubber, there is a
certain degree of deviation between the simulation and measure
results at high frequency and high magnetic field. Due to the wide
distribution of the relaxation time of polymer material in the time

(10)

domain and the possible particle-elastomer interaction within
MS rubber, more Maxwell elements with magnetic dependency
are favorable to further improve the fitting accuracy between the
simulation and experimental results.

3. INVERSE MODEL AND DESIGN OF
STATIC OUTPUT H-INFINITY
CONTROLLER

3.1. Bisection Method-Based Inverse
Model of MS Rubber

As a semi-active actuator, the desired control force cannot be
applied by MS rubber suspension directly. The implementation
of the control force depends on the interaction between the
structure response and the controlled magnetic field. Therefore,
it is of great importance to obtain the required magnetic field by
the desired control force and the structure response. However,
for the constitutive models developed in section 2.2, there is no
corresponding direct inverse model with an explicit form. In
order to obtain the magnetic field, methods using polynomial
fitting of the constitutive models (Choi et al., 2001; Meng et al.,
2018) and using an adaptive neuro-fuzzy inference system (Wang
et al, 2011; Zong et al., 2012; Yang et al., 2019) are often used.
The magnetic field applied to the MS rubber device in practical
applications has a lower limit (zero magnetic field strength) and
an upper limit (saturated magnetic field strength). Therefore,
a bisection-based method can be used to obtain the required
magnetic field strength.

The the constitutive model developed in section 2.2 can be
expressed as

t=f.v.B. (11)
The difference between the target stress and the actual stress is
expressed by a function

g(B) = Tneeded —f()/,)),B). (12)

Then, the bisection-based algorithm can be applied to obtain the
required magnetic field. Firstly, the strain response y, the strain
rate y, stress needed T,eeded> and the tolerance ¢ are known. The
upper limit of the magnetic field Bypper is set to be 0.83 T and the
lower limit of the magnetic field Bjgye is set to be 0 T. Next, if

8 (Bupper) - & (Biower) > 0, (13)

then Brequired i selected as the value of f (¥ 7> Bupper) and
f (¥, 7> Blower) that is closest to Tyeeded- Else, the tolerance of the
magnetic field By is set to be

Biol = Bupper — Blower- (14)
If |Byo1| is larger than the tolerance ¢, then
Bupper = 0.5 (Bupper + Biower) - (15)
After updating the magnetic field upper limit, if
8 (Bupper) + & (Biower) < 0, (16)
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FIGURE 5 | Shear modulus magnitude and loss factor of MS rubber vs. frequency under zero magnetic field. Lines and symbols are the simulation and experiment
results, respectively. Three kinds of strain (1, 2, and 5%) are considered.

then

Biower = 0.5 (Bupper + Blower) ; (17)

else,

Bupper =05 (Bupper + Blower) . (18)

After the upper and the lower limit of the magnetic field is
updated again, the value of Biequired is compared with . If the
convergence criteria is not met, new rounds of iterations from
Equations (15) to (18) are applied until the convergence criteria
is met. Finally, for the case when the condition in Equation (13)
is met, Byyplied is selected as the value of f (y,,Bupper) and
f (.7, Biower) that is closest to Tpeededs Otherwise, Bypplied =
Bupper-

In order to verify the bisection-based inverse model, a
Gaussian white noise-based strain signal, ranging from 0 to
25Hz, with an RMS value of 0.03 m and a time duration of 2s,
and a Gaussian white noise-based magnetic field signal, ranging
from 0 to 100 Hz, with magnitudes vary from 0 to 1.5T, are
applied. By the constitutive model developed in section 2.2,
the total stress (target stress) corresponding to the strain and
magnetic field can be obtained. Subsequently, by the bisection-
based inverse model, the predicted magnetic field and the
corresponding predicted stress can be obtained. The comparison
of the target and predicted values (magnetic field and stress)
by the constitutive model and the inverse model is given in
Figure 6. The overlapping between the target and predicted
magnetic field/stress in Figure 6 demonstrates the effectiveness
of the bisection-based inverse model. The values of the target
magnetic field, which is larger than 0.83 T cannot, be tracked by
the inverse model, since the upper limit of the magnetic field
strength is set to be 0.83 T.

3.2. Vehicle Suspension Model and

Formulation of H-Infinity Controller

A quarter-car suspension model consists of a one-fourth car
body, suspension components (spring plus MS rubber-based
semi-active actuator), a wheel, and a tire are investigated in this
study. For more details of the quarter-car suspension model,
please see Figure 7. Symbols zs, z, and z represent the car body,
wheel, and the ground displacement, respectively. The symbol
u represents the control force that can be adjusted by the MS
rubber suspension through changing the magnetic field. The
model parameters for the quarter-car suspension model are mg =
504.5kg, m; = 62kg, ks = 10,100Nm~!, ¢, = 200N's-m~!, and
ki = 252,000Nm™".

In order to increase the driving performance, it is required
that the transfer function from the road disturbance to the
vertical acceleration of the car body (%), the tire deflection
(zt — zg), and the suspension deflection (z5 — z) should be
small enough. Therefore, the controlled output is defined as
z = [Z zs— 2z zt — 2g 1T. The measured output is defined as
y=1lz—zg % 1T due to the fact that the suspension deflection
(2t — zg) and the car-body velocity (2;) can be directly measured
in practice. The dynamic equilibrium equation for the quarter-car
system in state space form is

x = Ax + Biju + Bow

z=Ex+ Fu R (19)
y=Cx
where
0 0 1 —1
0 0 0 1
A=| _k ¢ _& & | (20)
mg mg Mg
ks ki s Cs
my omg omy omy
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FIGURE 7 | Schematic configuration of a quarter-car system with a MS rubber
semi-active suspension.
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1000
C_[oom] (23)
ks s G
me O Tome s
E=| o« 0 0 0 |, (24)
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1
T mg
F = 0o |, (25)
0
Zs — Zt
Zt—Zg
= . 2
x 5 (26)
Z
and
w=Zg. (27)

The parameters « and B in matrix E are weighting factors for
the suspension and tire deflection, respectively. By tuning the
weight factors, the trade-off among the car-body acceleration,
suspension deflection, and the tire deflection can be controlled.
The relation between the controlled force u and the measured
output y is

u =Ky, (28)

where K = [k ky] is the static output feedback control gain
to be designed. To reduce the object transfer functions, robust
control algorithms, such as LQR (Zhang et al., 2008; Zhang and
Zhuan, 2020), H-2 (Li et al., 2003; Shukla et al., 2016), and H-
infinity (Xie et al., 2004; Alma et al., 2011; Khot et al., 2017)
controller, are often utilized. Compared with other controllers,
the H-infinity norm measure the energy-to-energy gain between
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FIGURE 8 | Transfer functions of the car acceleration (Zs), suspension
deflection (zs — z;), and tire deflection (z; — zg) where the gain magnitude is
plotted in decibels with unit [dB].

the external disturbance and the target outputs directly, which
can be viewed as the worst-case gain in frequency domain. In
this study, the H-infinity index is used for the controller design.
According to Du et al. (2003), the system in Equation (19) is
asymptotically stable with a disturbance attenuation y > 0if and
only if there exist matrices G = G > 0 and K such that

sym[G (A + B1KC)] *
(GBy)T I %
(E + FKO)T 0 -—I

<0, (29)

where sym(-) represents symmetric term, (%) denotes the
symmetry matrix block, superscript T denotes matrix transpose,
and I is the unit matrix. Normally, the bi-linear matrix inequality
problem in Equation (29) cannot be solved directly. According
to Ebihara et al. (2015), a coordinate-descent algorithm can
be used to transfer the bi-linear matrix inequality problem
in Equation (29) to several iterative linear matrix inequality
problems, which can be solved in MATLAB LMI package directly.
The dimensionless weighting factor « and g in Equation (24) are
set to be 4 and 10, respectively. After applying the coordinate-
descent algorithm-based iterative method, the H-infinity norm
and the static output feedback control gain are obtained with
y = 8441 and K = [8.9459Nm™' 2.9522Ns-m™'] x 10°.
The corresponding transfer functions from the road disturbance
to the car acceleration (%), suspension deflection (zg — z), and
the tire deflection (z; — zg) are in Figure 8. Compared with the
open loop case, after applying H-infinity control algorithm, the
peak gain for the car acceleration, suspension deflection, and the
tire deflection are all reduced.

External
disturbance
A quarter car and

MS rubber
@m n system

Structure
response

Structure
response

Actual
force

Measured
output

Desired H-infinity
control force | controller

FIGURE 9 | Close-loop flowchart of the whole quarter-car MS rubber
suspension system.

4. SIMULATION RESULTS

4.1. Design of MS Rubber Suspension and

Numerical Implementation Method

The whole flowchart corresponding to the semi-active control
of the MS rubber-based vehicle suspension system is given in
Figure 9. After the external disturbance excitation is applied, the
measured outputs y in Equation (19) is transmitted to the H-
infinity controller as the input for the controller. Subsequently,
a desired control force output is calculated by the H-infinity
controller. However, the desired control force cannot be exerted
directly. Therefore, the MS rubber inverse model in section
2.2 is utilized to determine the magnetic field corresponding
to the desired control force. Finally, the actual force by the
MS rubber suspension is applied to the quarter car system
and new measured outputs are detected. In order to verify the
vibration control performance of the MS rubber semi-active
suspension, simulations under a bump and a random ground
excitation are conducted. Before the simulation, the dimension
of the MS rubber-based suspension is designed. To reduce the
static deformation of the MS rubber suspension caused by the
preloading of the car body mass, a linear spring with a stiffness
of 2,100 N m~! is installed in parallel with the MS rubber-based
suspension. Sun et al. (2018) applied a multi-layer strategy for
the MS rubber suspension in order to improve the deformation
ability of the whole suspension, meanwhile ensuring the strain
of each layer of MS rubber is small. Considering the simplest
case, a multi-layer sandwich typed structure made of steel plate
and MS rubber working in a shear mode are utilized. The total
layer number of MS rubber is 10. For each layer MS rubber, the
thickness is 0.04 m and the area is A = (0.10 m)?. Therefore, the
approximate initial stiffness of the suspension by using the shear
modulus of MS rubber at 5% strain amplitude under 1 Hz is

0.10% x 8 x 10*
ke~ (2—————
5 x 0.04
=10100Nm™ L.

+ 2100) Nm™!
(30)
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To illustrate the effectiveness of the control strategy, MS rubber
suspension with the maximum stiffness (passive-on), MS rubber
suspension with the minimum stiffness (passive-oft), sky-hook
on-off control strategy, and the active control strategy are
simulated as well. The corresponding magnetic field control
strategy for the sky-hook on-off control strategy is

0.83T zs(zs—2z) >0

0T  Z(zx—2z)<0" (3D

Beontrol = {

In order to fully consider the magnetic field-, frequency-, and
the strain amplitude-dependent dynamic behavior of MS rubber
and obtain the structure response, the Newmark-beta method
(Géradin and Rixen, 2014) based on implicit time integration is
applied. The dynamic equilibrium equation of the whole system
can be written as

and

0
G(t) = |:ktzg:| . (38)
First, an initial acceleration gy, is obtained by the known
response at the previous time step, gn—_1,

Qtrial = M_l Gn

1 : : (39)
— M7 [Kguo1 + Cdn—1 + F (qn-1,4n-1)]
where symbols with subscript n —1 and n represent the
response at the previous and the current time step, respectively.
Subsequently, the predicted displacement g, velocity g, and
acceleration g at the current time step are obtained by the average
acceleration method

{ Mg+ Kq + Cq+ F(q,q) = G(t) (32) AR
90> qo gtven q=dqn-1+ Atgn-1+ Tétrial) (40)
where
mg Mg . . At .
M= |: my 0O ] ’ (33) q={qn-1t TQtrial (41)
and
Zt .. T
= , 34 =(00]. 42
1 [zs —z ] (34) g=[00] (42)
Following these, the residual force R is obtained
0 ks R = Mg+ K Cqg+F ] G(t 43
K= 3| (35) = Mij+ Kq+ Cq+F(q.q) — G(t). (43)
S
A threshold for the residual force k = 1 x 107> N is set as
c 0 ¢ 36 the criteria for convergence. If R is larger than «, a correction
10— |” (36) is applied by
q=q+ Aq, (44)
: (v,7,B)
F(g,g) =A f . (37)
(@.4) [f (v>v,B)
2
1=q4+ —Aq, (45)
9=4 At q
4 : and
e = On** Off =—H-infinity == Active - - -On-off]
T 2 Gt 4 A (46)
£, Lf..\._‘u ...... VIt Y- S 1=4 At2 g3
PIRE ' N =
N W
2 005 _
v, ~ £
\\’:"T/’ i R = 0 N TABLE 1 | RMS values of the target responses at different control strategies
O 'm under a bump excitation.
0021 00 " : '
—_ Control Car-body Suspension Tire
% 0.01 strategies acceleration deflection [m] deflection
N [ms=2] [m]
oo TV S S
™ -0.016 i 5 5 3 2 Passive-on 5.9816 x 10~ 8.9908 x 102 1.3001 x 1078
Time [s] Passive-off 1.9965 x 10™" 9.6832 x 107°  1.1542 x 1073
H-infinity 1.5413 x 10~ 55579 x 1073 1.0462 x 1073
FIGURE 10 | Comparison of the target responses at different control Active 7.3811 x 1072 5.4319 x 1073 1.1910 x 1078
strategies under a bump excitation. Sky-hook on-off 1.9108 x 10~ 55873 x 103 9.8991 x 10~
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FIGURE 12 | Comparison of the target responses at different control
strategies under the random excitation.

where Aq = —R/S, with § as the Jacobian matrix for the system

0F(q,q)
g

4
S=M—

An (47)

2

+C, K+
After q is updated, the new residual force R is compared with the
threshold «. If the converge criteria is not satisfied, new rounds
of iterations are applied until the convergence criteria is met.
Finally, the structure response at the current time step can be
obtained. Regarding 0 F / ¢, a finite difference numerical method
can be applied to obtain its value (An et al., 2011).

4.2. Comparison on Bump Response
According to Sun et al. (2020), a road bump shock can be
represented by

-

where H=0.04m, L =5m, and v=25ms~! are the bump
height, bump length, and the passing car velocity, respectively.

0.5H[1 —cos(Z21)]o<t <
0 b

< I

(48)

After applying the numerical simulation analysis by the
numerical methods in sections 2.2, 3.1, and 4.1 , the comparison
of the passive-on, passive-off, H-infinity semi-active, sky-hook
on-off, and the active control strategies of the car-body
acceleration, suspension deflection, and the tire deflection is
given in Figure 10. Compared with passive-on and passive-off
cases, a better vibration control effect can be achieved by the
H-infinity semi-active, sky-hook on-off, and the active control
strategies. The root mean square (RMS) values for the target
responses (Zs, zs—zt, and z;—zg) under different control strategies
for the bump excitation are in Table 1. It can be found that the
vibration control effect is the best for the active control case,
followed by the H-infinity semi-active control and the sky-hook
on-off control strategies. In Figure 11, the desired control force
for the active control strategy and the actual applied force by the
MS rubber semi-active suspension vs. suspension deflection are
compared. The first and third quadrants in the figure correspond
to the positive stiffness area, while the second and forth quadrants
correspond to the negative stiffness area. Due to the positive shear
modulus and the limited MR effect of MS rubber, the advantage
of the active control strategy cannot be fully utilized by the
MS rubber suspension. This conclusion can be verified by the
partially overlapping between the desired control force-deflection
curve and the actual applied force-deflection curve.

4.3. Comparison on a Random Response
After conducting the simulation under the bump response, a
new round of simulation analysis under a random response is
conducted. According to Sun et al. (2020), the road roughness can
be treated as a random process with a given displacement power
spectral density under frequency domain Gg(f) by

2
Galf) = Gy (no) v<@> , (49)

f

where Gg (o) is the road roughness coefficient, ngp = 0.1 m~!
and v is the car velocity. In the simulation, C road roughness is
applied, where Gq (19) = 64 x 10~%m>. The car velocity is set
to be v = 60kmh~!. The corresponding road vibration signal
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TABLE 2 | RMS values of the target responses at different control strategies
under a random excitation.

Control Car-body Suspension Tire deflection
strategies acceleration [ms—2] deflection [m] [m]

Passive-on 5.1623 x 10~! 5.9717 x 1078 3.9646 x 102
Passive-off 3.1670 x 10~! 1.3337 x 1072 7.2957 x 1078
H-infinity 2.9139 x 10~ 7.3164 x 107®  5.9427 x 1073
Active 1.9974 x 1072 8.7158 x 102 6.2132 x 102
Sky-hook on-off 3.5575 x 102 7.3842 x 1078 6.0066 x 102

generated by a fast Fourier transformation method (Beaulieu
and Tan, 1997) with a sampling frequency of 1,000 Hz and a
time length of 5s is applied to the quarter car system. The
comparison of the passive on, passive off, H-infinity semi-
active, sky-hook on-off, and the active control strategies of
the car-body acceleration, suspension deflection, and the tire
deflection is given in Figure 12. The magnetic field vs. time
under the H-infinity semi-active strategy and the sky-hook
on-oft control strategy is given in Figure 13. The result of
the RMS values of the targeted responses are in Table 2. It
can be found that compared with passive off and passive on
cases, a better vibration reduction effect can be achieved by
the H-infinity semi-active control strategy in controlling the
car-body acceleration and the suspension deflection. Strangely,
according to Table 2, the RMS value of the suspension and
the tire deflection under the passive-on control strategy is
the smallest. This can be attributed to the increase of the
overall stiffness of the quarter-car system after implementing
the maximum stiffness of the MS rubber suspension. Therefore,
the deflection response under external excitation is smaller
under the passive on case compared to other cases. However,
the reduction of the car-body acceleration cannot be achieved
directly by simply increasing the overall stiffness of the quarter-
car system. This conclusion can be verified by the comparison
of the car-body acceleration results under different control

strategies where the acceleration under the passive on case is
the largest. Furthermore, it can be found that there exists a
flutter phenomena in the car body acceleration for the sky-hook
on-off control strategy compared with the H-infinity control
strategy. Due to the continuous adjusting of the magnetic
field, the vibration control effect of the H-infinity semi-active
control strategy is superior as compared to the sky-hook on-off
control strategy.

5. CONCLUSION

The fabrication, characterization, and the modeling of the
mechanical performance of MS rubber along with the application
of MS rubber in vehicle semi-active suspension are studied in
this research. The matching between the simulated and measured
shear modulus of MS rubber demonstrates that the applied
constitutive model can depict the magnetic field-, frequency-, and
strain amplitude-dependent shear modulus of MS rubber with
accuracy. In order the desired control force can be implemented
by the MS rubber semi-active device, an inverse model is
developed to obtain the magnetic field corresponding to the
desired control force. The matching between the target stress
and the predicted stress generated by the calculated magnetic
field through the inverse model indicates that the inverse model
developed can track the desired control force with high accuracy.
Furthermore, in order to explore the possible application of
MS rubber in vehicle vibration control, a MS rubber semi-
active suspension with the H-infinity control strategy applied
to a quarter car model under a bump and a random ground
excitation is studied. The results reveal that compared with
the passive and the sky-hook on-off control cases, a better
vibration reduction effect can be achieved by the MS rubber
semi-active suspension with the H-infinity control strategy.
However, in order to implement MS rubber in the vehicle
vibration control area and achieve a good vibration reduction
effect, issues such as further increase the MR effect of MS
rubber, modeling the mechanical behavior of MS rubber with
considering preload effect and the design optimization of the
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magnetic field generation circuit should be investigated. Besides,
an increased vibration reduction effect is expected while adding
an adjustable damping component to the current MS rubber-
based suspension since the former adapts its damping while
the latter adapts its stiffness. Furthermore, as the deflection
of the suspension increases, the MR effect of MS rubber will
weaken. Although the constitutive model can reflect the strain
dependence of the MS rubber modulus, in practical applications,
it is necessary to optimize the design of the MS rubber
suspension to ensure that the MR effect of MS rubber can be
utilized to the ultimate extent and achieve a good vibration
control effect.
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This work reports on a novel magnetorheological polymer gel with carbon nanotubes and
carbonyl iron particles mixed into the physical cross-linked polymer gel matrix. The
resulting composites show unusual nonlinear magneto-electro-mechanical responses.
Because of the low matrix viscosity, effective conductive paths formed by the CNTs were
mobile and high-performance sensing characteristics were observed. In particular, due to
the transient and mutable physical cross-linked bonds in the polymer gel, the
electromechanical behavior acted in a rate-dependent manner. External stimulus at a
high rate significantly enhanced the electrical resistance response during mechanical
deformation. Meanwhile, the rheological properties were regulated by the external
magnetic field when magnetic particles were added. This dual enhancement
mechanism further contributes to the active control of electromechanical performance.
These polymer composites could be adopted as electromechanical sensitive sensors to
measure impact and vibration under different frequencies. There is great potential for this
magnetorheological polymer gel in the application of intelligent vibration controls.

Keywords: piezo-resistivity, carbon nanotubes, soft sensor, shear stiffening, magnetorheological gel

INTRODUCTION

Magnetorheological (MR) gel is a kind of magneto-controllable soft gel that acts by dispersing the
magnetic particles into a low cross-linking density gel matrix (Wang et al., 2014; Zhang et al., 2019).
Under external magnetic fields, magnetic particles could overcome the constraint of the matrix and
form a chain-like structure. In contrast to MR fluid, the MR gel is more stable and can offer more
favorable and convenient conditions for engineering applications. Therefore, with its excellent
performance in magnetorheology, the MR gel is expected to be used as a new alternative material for
intelligent devices, such as magneto-dampers, energy absorbers, and vibration isolations (Lin et al.,
2018; O’Driscoll et al., 2018; Petare and Jain, 2018).

To further improve the mechanical properties, shearing stiffening gel (SSG) has been adopted as
the polymer matrix of the MRG (Gurgen and Yildiz, 2020; Hapipi et al., 2020; Zheng et al., 2020).
SSG is a kind of soft and viscous boron-siloxane polymer gel with dynamic boron-oxygen (B-O)
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weak cross-linking bonds, of which the storage modulus, elastic
modulus, and viscosity would significantly increase under the
external high rate excitation (Xu et al., 2020). Owing to the non-
covalent, physical cross-link characteristic of the B-O bonds, SSG
can exhibit a typical strain-rate dependence by transforming the
gel, rubber, and glassy states under different external loading
rates. Moreover, due to the reversibility of the B-O bond, SSG has
the capacity for restoration and self-healing even under high
speed loading (Wang et al., 2016; Wang et al, 2018). The
magnetic additives render the SSG with special magnetically
responsive behaviors. The storage modulus of magneto-
sensitive SSG will increase under the external magnetic field
stimulation (Xu et al, 2018; Liu et al, 2020). The dual
hardening mechanism of the mechanics and magnetic field
provides a new method for engineering equipment such as
vibration isolators and energy absorbers.

Because of the additives of conductive magnetic fillers, the
electrical properties of MR materials also change under an
external magnetic field (Xu et al., 2013; Puente-Cordova et al.,
2018). Magnetic CIPs can be easily moved from isotropic status to
anisotropic status by the stimulus of the magnetic field. The CIPs
are aligned along the direction of the magnetic field, which forms
effective conductive paths (ECPs). The transient time of the
alignment progress was studied via the change of storage
modulus (An et al, 2012). Meanwhile, owing to the
microstructure variations induced by ECPs, the electrical
conductivity properties of the magneto-sensitive SSG show
synchronous behaviors with the mechanical behaviors when
the external magnetic field is varied (Wang et al., 2015; Cvek
et al,, 2020; Yun et al,, 2020). The alignment of the CIPs can be
monitored by conductivity. However, even if the anisotropic
chain-like structure of CIPs is formed, the resistance of the
magneto-sensitive SSG is still very high due to the obstacle of
the polymer gel matrix, which hinders the potential application in
the field of magnetic sensing sensors for intelligent devices (Xu
et al., 2013). To improve the conductivity of MR composite,
(Mietta et al., 2012) modified the CIPs with silver and obtained
the anisotropic effects in magnetic properties and piezoelectric.
(Pang et al., 2015) blended carbon black into an MR plastomer
and studied the relationship between electrical conductivity vs.
magnetic flux density. (Yun et al., 2019) mixed liquid metal into
MRE and obtained a self-sensing material with anisotropic and
unconventional piezo-conductivity. These studies reveal that
anisotropic electricity is highly dependent on the alignment of
CIP clusters. Past research was generally conducted under quasi-
static and cyclic loading with low frequency. However, the
application of engineering materials under high frequency is
also often encountered. More work should be done to study
the conductive sensitivity and the magneto-sensitivity of SSG
under dynamic stimulus.

In this study, a novel magneto-electric polymer composite was
fabricated by introducing the CNTs and CIPs into SSG.
Rheological ~experiments, which studied the magneto-
rheological properties and shear stiffening characteristic of
e-SSG. The compressive tests showed the enhancement of the
magnetic field on self-sensing capacity and durability. A drop
weight machine was adopted to test its electrical responses under

Magnetic Electrical Gel

low-velocity impact. It was found that with the application of the
magnetic field, enhancement of mechanical behaviors, electrical
sensitivity, and stability were shown by this material. In summary,
due to its excellent dual response mechanism of strain and
magnetic field, this material has the potential for intelligent
vibration control.

EXPERIMENT MATERIALS

Boric acid and benzoyl peroxide (BPO) were purchased from
Sinopharn Chemical Reagent Co. Ltd., Shanghai, China.
Hydroxyl silicone oil was purchased from Jining Huakai Resin
Co. Ltd. Multi-walled CNTs with 3-5nm in diameter and
8-13 um in length were purchased from Conductive Materials
of Luelida Co. Ltd., Xinxiang City, Henan Province, China.
Carbonyl iron particles were purchased from BASF Germany.
All the reagents were analytically pure and were adopted without
additional purification.

The fabrication progress is illustrated in Figure 1. First, the
boric acid and hydroxyl silicone oil were mixed with the mass
ratio of 1:15 and heated in the oven at 180°C for 2 h. During the
heating progress, CNTs and BPO were added into the matrix in
turn and the mass fractions were 1 and 0.4%. 5 uL caprylic acid
was added to every 100 g composite and mixed uniformly. Here,
caprylic acid was cross-linking agent and plasticizer in the
polymer matrix, which helped improve the roughness and the
shear stiffening behaviors. After one hour of heating, the SSG
matrix was obtained. The CIPs were mixed into the matrix
homogeneously through a rubber mill (Taihu Rubber
Machinery Factory, China, Model XK-160). According to our
previous work (Fan et al., 2019), the electrical conductivity and
sensing capacity of the composite achieved their highest values
when the mass fraction of CIPs was 50%. Subsequently, the
composite was vacuumed to remove air bubbles for 2h and
the conductive self-sensing composite, e-SSG, was obtained. The
composite was molded into a cylinder shape with a 5 mm radius
and 10 mm height. Finally, copper electrodes with 0.01 mm in
thickness and 5 mm in radius were stuck to the specimen.

Characterization

The rheological behaviors of SSG were tested by a commercial
rheometer (Physical MCR 302, Anton Paar Co., Austria). Plane to
plane with 19mm in diameter rheological test system was
adopted and the height of specimen was set as 1mm.
Compressive tests were conducted by a universal testing
machine (MTS criterion 43, MTS System Co., America). The
dynamic mechanical behaviors of the specimen were tested by a
drop tower testing machine (Mode ZCJ1302-A, MTS Industrial
Systems, China). The drop hammer weighed 500g and the
impact head was a round surface with 25 mm diameter. A
piezo-electrical acceleration sensor was used to record the
velocity change of the drop hammer. The data acquisition
system was composed of a charge amplifier (Mode YE5853,
Jiangsu Sinocera Piezotronics, INC., China) and an
oscilloscope  (Mode DPO  2012B, Tektronix INC,
United States). A programmable power supply (ITECH
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Electronic C. Ltd., China) was used to excite the magnetic field.
All tests were conducted at room temperature.

Rheology Characterization of e-SSG

The rheology behaviors were tested under oscillatory shear mode.
The shear amplitude was set to be 0.1%. As shown in Figure 2A,
the storage modulus of the SSG increased from 45 Pa to 0.53 MPa
when the shear frequency increased from 0.1 to 100 Hz. At 20 Hz,
the loss modulus achieved its peak value, 0.30 MPa. The damping
factor, which is defined as the ratio of the loss modulus to the
storage modulus, can usually be adopted to illustrate the state of
the composite materials. According to the work of (Boland et al.,
2016) and (Sun et al,, 2019), when the damping factor is larger
than 1, the viscous components play a dominant role in material
deformation. Herein, with the external frequency increasing from
0.1 to 100 Hz, the damping factor decreased from 74.46 to 0.31,
indicating the polymer composite translated from a viscous state
(or plastic state) to a rubbery state. Inherited from the SSG matrix,
the e-SSG also showed typical rate-dependent behaviors.
Compared to SSG, the primary and peak modulus of e-SSG
were much higher. Simultaneously, the damping factor was
smaller. With test frequencies increasing from 0.1 to 100 Hz,
the storage modulus increased from 0.26 to 1.15 MPa. The loss
modulus increased from 0.11 to 0.33 MPa at 2 Hz. Then, the loss
modulus decreased down to 0.05 MPa when the shear frequency
reached 100 Hz.

The strain-dependent and magnetorheological behaviors of
the e-SSG were tested as well Figure 2C. When the shear strain
reached 0.18, a drastic decrease was observed in the storage
modulus of SSG and e-SSG, which indicated failure to emerge
in composites. The influence of the magnetic field was
remarkable. Increasing strain led to the decrease of storage,
known as the Payne effect. However, no failure happened to

the e-SSG when the magnetic field was applied. To investigate the
MR effect, a shear strain with an amplitude of 0.1% and frequency
of 1 Hz was applied. When the magnetic flux density increased
from 0 to 1.2 T, the storage modulus of e-SSG increased from 0.49
to 1.39 MPa Figure 2D. The loss modulus increased from 0.28 to
0.57 MPa when the magnetic flux density increased to 0.44 T and
finally decreased to 0.37 MPa with 1.2 T. Furthermore, the shear
stiffening behaviors under magnetic field were also investigated.
The green lines in Figures 2A,B illustrated the shear stiffening
behavior of e-SSG under 0.8 T. The storage modulus increased
from 1.1 to 2.3 MPa when the shear frequency increased from 0.1
to 100 Hz. Higher storage modulus and lower damping factors
helped the composite materials hold shapes and recover from
external stress loading.

The creep and recovery behaviors of the e-SSG were shown in
Figures 2E,F. The creep compliance was dependent on the
external stress, which showed a typical nonlinear material
characteristic. Generally, the creep strain, y; consisted of
instantaneous strain, y,, delayed elastic strain, y,, and residual
strain, y,. The function could be expressed as follows (Xu et al.,
2012).

(1)

where 7 indicates the cnstant stress. The constant stresses were
set at 50, 500 and 5,000 Pa. Figure 2E shows the creep behaviors
with different magnetic fields. When the shear stress was 50 Pa, y,
was negligible and the composite showed plastic characteristics.
With the shear stress increasing to 5 kPa, y, increased to 0.19 and
the instantaneous creep compliance changed to 1.75 x 107> Pa™".
With the presence of a magnetic field, the creep compliance was
further diminished and the recovery behaviors were more
remarkable. The instantaneous creep compliance of e-SSG
under the magnetic flux density of 0.8 T was 6.83 x 107® and

Y=Yt Vaty, =1 ()70
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FIGURE 2| The rheology behaviors of the SSG. (A,B) The shear stiffening behaviors of SSG and e-SSG. (C) The storage modulus under different shear strain. (D)
The magnetorheological effect of SSG and e-SSG. The creep and recovery behaviors of the e-SSG under different shear stress and with the absence (E) and presence
(F) of the magnetic field.

4.68 x 10°°Pa”' when the shear stress was 0.5 and 5kPa,
respectively. The viscous flow component became smaller with
the increase of shear stress and magnetic flux density. This dual
hardening mechanism provided a favorable condition to absorb
external stimuli and hold linear mechanical properties.

Piezo-Resistive Response Under
Quasi-Static Loading

The piezo-resistive response under quasi-static state was
investigated via MTS. The initial electrical conductivity of
e-SSG was 25 O-m. The measurement method is illustrated in
Figures 3A,B. The test rate was set at 0.010, 0.015, and 0.020 s L
The compress stress was recorded at the same time. In series
circuits with constant electromotive force, the voltages of
different components were proportional to resistance. The
electrical resistance was calculated by the following function:

_E-U
T U

R, R (2)
where the E, U, and R represented the electromotive force of the
constant voltage source, the voltage of the constant resistance,
and the resistor.

Electrical conductivity showed a negative relationship to the
compressive strain. With the increase of compressive speed, the
sensitivity of the electrical conductivity was also improved. Here,
gauge factor was defined as,

A
GF:—p/As
Po

when it came to 10 s, the changes of % achieved peak values and
0

3)

came to be 0.088, 0.162, and 0.233 with a compressive strain rate

of 0.010, 0.015, and 0.020 s, respectively, Figure 3D shows the
relationship between the compressive strain and resistivity. The
resistivity increased with compressive strain. The final resistivity
was lower than the initial value. According to Zhang (Zhang et al.,
2000), a possible reason for this phenomenon could be attributed
to the time dependence characteristic of the electrical threshold.
The GFs were 0.88, 1.08, and 1.065. With the enhancement of the
magnetic field, the sensitivity was improved and the time effect
was negligible. The electrical response held nearly linearly
Figure 3G and GFs increased to 1.01, 1.89, and 2.19. The
presence of a magnetic field increased the linear response and
helped to hold the stable electrical properties. To provide an
insight into the influence of the magnetic field, the stress-strain
curves are shown in Figures 3E,H.

Typical rate-dependent behaviors could be observed in
Figures 3C,H. With the increase of compressive speed, the
compress modulus and yield stress increased rapidly. When
the compressive strain came to 0.54% with the compressive
rate of 0.010s™', the compressive stress started to decrease.
Plastic flow deformation came to dominate. When the
compressive rate was 0.020s”', the yield strain increased to
0.64%. The stress-strain hysteresis areas are shown in
Figure 3H. With the presence of a magnetic field, the
elasticity of the e-SSG was highly improved. The compressive
modulus could be calculated at 0.22, 0.23, and 0.24 MPa,
corresponding to the compressive rates of 0.010, 0.015, and
0.020 s™". The magnetic field improved the strain sensitivity of
e-SSG. Furthermore, we should attach more importance to the
fact that the magnetic field improved mechanical behaviors. The
linear elastic scope of the e-SSG was greatly extended. The
unloading progress was also linear. The dynamic response was
then investigated to ensure the role of the magnetic field.
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Piezo-Resistive Response Under
Low-Velocity Impact

The dynamic mechanical and electrical responses were
investigated via a drop weight machine. The acceleration data
and voltage were recorded by one oscilloscope to ensure the
synchronization of mechanical and electrical responses.
Regarding the impact duration within several microseconds,
the data sampling rate was set at 50 MHz. A constant voltage
source was adopted to excite the coils to generate a magnetic field.
To achieve a uniform magnetic field, the specimen was fixed upon
an aluminum cylinder and placed at the center of an iron hollow
cylinder as seen in the schematic in Figure 4. When the exciting
current was 3A, the magnetic flux density reached 0.3 T.
Figures 5A-C showed the dynamic responses of the e-SSG to
drop weight without a magnetic field. Figures 5D-F illustrates
the results with the magnetic field. With the increase of drop
height, the impact duration was shortened, which indicated
hardening progress corresponding to the higher impact energy
(Figure 5A). The force-displacement curves are shown in

Figure 5B. With an increase in drop height, the stiffness was
improved. Herein, the peak stiffness of the composites was
illustrated by the secant slope. With the drop height increasing
from 0.2 to 0.7 m, the peak stiffness shifted from 0.56 x 10° to
0.94 x 10° N/m. When the compressive progress was finished,
e-SSG became soft. The electrical behaviors recorded this
progress in Figure 5C. During the compressive progress, the
electrical resistance of e-SSG increased rapidly and then stayed
nearly constant. The peak values of AR/R, depended on the drop
height. With higher drop height, the AR/R, achieved higher
values. However, the rise progress was not linear and could be
divided into three stages, which were the fast rise stage, the slow
rise stage, and the secondary fast rise stage. The values and
duration of the three stages are shown in Table 1. With the
increase of drop height, the slow rise stage was gradually
eliminated and the response of electrical resistance came to be
linear.

The enhancement of the magnetic field was remarkable.
Compared to the results with the absence of a magnetic field,
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FIGURE 5 | (A) The acceleration data vs. time, (B) the contact force vs. displacement curves, (C) the changes of electrical resistance under different drop heights
without magnetic field. (D-F) illustrated response behaviors with the magnetic flux density of 0.3 T.

TABLE 1 | The stage value and duration time of the results in Figure 5C.

Drop Stage 1 Stage 2 Stage 3

Height (m) % Duration (ms) % Duration (ms) % Duration (ms)
0.2 0.50 0.2 1.24 0.61 4.60 0.59

0.3 1.00 0.25 1.34 0.43 5.70 0.60

0.4 1.53 0.27 2.34 0.40 6.73 0.63

0.5 2.00 0.29 3.10 0.38 7.98 0.66

0.6 3.04 0.31 3.51 0.36 9.49 0.76

0.7 5.12 0.31 5.01 0.36 11.71 0.94
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the impact duration was further shortened under the same drop
weight (Figure 5D). The peak values of the AR/R, of different drop
heights also increased. When the drop height ranged from 0.2 to
0.7 m, the AR/R, were 2.52,4.05, 6.16,9.69, 11.47,and 13.31. As seen
from the results of MTS, the magnetic field enhanced the linear
elastic scope of the e-SSG and the electrical resistance showed
continuous rise progress.

According to the theory of Boland et al. (Boland et al., 2016),

“wlam) =)

where n,, W and y, were the electrical constants and the
geometric parameters. ¢ was the yield strain. k was the

AR
Ry

2Emgh
2Eyo

4)

stiffness of the specimen, E was Young’s modulus, k = £5. In
Figure 6, the relation between % and h was plotted. With the
absence of a magnetic field, my = 1.06 and aoy = 13.28. With the
presence of a magnetic field, m; = 2.19 and a; = 4.81. The
parameter “a” in Eq. 4 was negatively corrected with the yield
strain of the e-SSG. Its changes indicated the improvement of the
stiffness of composites. With the presence of a magnetic field, the
CIP clusters aligned in a specific direction. The anisotropy micro-
structure helped improve the electrical sensitivity of e-SSG.

To obtain detailed information on the electrical response, the
relationship between resistance and resistivity vs. compressive
strain is shown in Figure 7. The three stages could be observed in
Figure 7A. With the increase of drop height, the sensitivity of

e-SSG to strain was improved. When the compressive strain was
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larger than a critical point, the resistance kept stable. However, ~ TABLE 2 | The fitting results of Prony function.
the re51st%v1ty kept increasing. T'he increase of resistivity and the m _ 02m 03m 04m 05m
deformation of the compression came to balance and the
resistance of e-SSG kept nearly constant (Figures 7A,C). The 0 Al 2.07 2.40 2.92 3.14
response of e-SSG under the magnetic field showed continuous 71 (9) 3.00 2.90 2.82 2.39
. . . 0.3 Al 2.27 3.30 3.98 5.50
upward progress (Figure 7B,D). The magnetic field improved the e 508 g 960 s 500

elastic behaviors and kept the electrical response continuous.
To  illustrate  the  rate-dependent  behaviors, a
phenomenological function was adopted. According to the
tunneling effect theory (Wang and Cheng, 2014), the
conductivity of the composite depends on the effective
conductive paths (ECPs). The aggregation and alignment of
the conductive fillers are the key factors that determine the
numbers of ECPs. The initial state of the composite was
homogeneous and isotropic. During the compressive progress,
the lateral extension led by the Poisson effect made the CNTs
move from their initial position and rotate to a specific direction
(Figure 8A). The rearrangement of the CNTs destroyed the
original ECPs. Since the restriction of the matrix to the CNTs
depended on the mechanical properties of SSG (Zimmerman
et al.,, 2009; de Vicente et al., 2011; Bastola et al., 2020), it was
assumed that the sensitivity of the e-SSG was related to the strain
rate of external stimulus and the elastic modulus of the specimen.
Based on the theory of Boland (Boland et al., 2016), the resistivity
of composites depended on the total number of ECPs per volume,

n
p=p0{[1 (" j} (5)
where the first term in Eq. 5 represented the strain term and the
second represented the time dependence. Parameter “n” was a
constant related to the microstructure of ECPs. Since the impact
duration was short, the time dependence was ignored.
Considering that the electrical sensitivity showed remarkable
dependence on the strain rate, strain rate, ¢, was adopted to
describe the resistivity behaviors. k was the stiffness of the
specimen. With the drop height varied from 0.2 to 0.7 m, k
was 0.67 x 10° 0.80 x 10° 0.88 x 10°, 0.92 x 10°, 1.00 x 10° and
1.01 x 10° N/m. Then, the function could be given:

The curves in Figures 8B,C plot the experiment data and fitting
results of function 6. The relationship between electrical
resistivity and strain could be expressed as:

p

[1 " (8)1'06]6.5X104f

7)

Po

This phenomenological model illustrated the relationship
between strain, strain rate, and the equivalent stiffness of the
specimen. The shear stiffening behaviors weakened the effect of
impact. This expression could be adopted in engineering
applications to monitor external stimulus.

The recovery behaviors of the electrical properties under
different drop heights and the strength of the external
magnetic field were investigated (Figure 9). The impact
response was finished in several microseconds, but the
recovery progress lasted for seconds. With higher drop
heights, the electrical conductivity recovers To
characterize the recovery behaviors, the Prony series with one
order was adopted (Belyaeva et al., 2016; Wen et al., 2018).

sooner.

B 0= Tt ®)
The fitting results are shown in Table 2. Herein, symbols A; and
T; represent the amplitude and the characteristic time of the decay
time, respectively. With an increase of the drop height, the decay
amplitude increased from 2.07 to 3.14, and the characteristic time
decreased from 3.00 to 2.39 s. The magnetic field further enlarged
the amplitude and shortened the characteristic time. The recovery
progress was related to the viscoelasticity behaviors of e-SSG.
Generally, the relaxation behaviors of the polymer composite

P _ [1+ ( g)m]”f (6)  depended on the ratio of viscosity to elasticity. High drop height
o led to the shear stiffening behaviors and the elastic recovery
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became more remarkable. Meanwhile, the magnetic field
improved the elastic modulus and enhanced the recovery
progress.

To demonstrate the durability of the e-SSG, a cyclic drop test
was conducted (Figure 10). The drop heights varied from 0.2 to
0.5 m. The magnetic flux density was 0.3 T. With the increase of
test number, the response accumulated. Regarding the initial
resistance of every impact, AR/R, kept stable. After the impact,
the conductivity of the composite could recover to its initial state.

CONCLUSION

In summary, we developed a novel soft sensor with high
sensitivity to strain under quasi-static and low-velocity impact.
Inherited from the SSG matrix, this soft sensor could harden itself
to burden external stimuli. Magnetic-dependent characteristics
further improved the stiffness of the smart material. Quasi-static
tests and drop weight experiments were conducted to investigate
the electrical and mechanical behaviors. The relationship between
resistivity and strain rate was revealed.

6r —02m
° }MH\H\LKKLLLLLM\____
0
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x
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4 H
0
sl ——05m
R
0 L L I
0 10 20 30 40
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FIGURE 10 | The electrical resistance response to cyclic drop weight
test with the drop heights of 0.2, 0.3, 0.4, and 0.5 m.

Based on these results, this study came to the below
conclusions.

(1) The mechanical and electrical behaviors of e-SSG depend on
the strain rate and the magnetic field. A higher strain rate led
to an increase in yield stress and enhanced the recovery
progress of the e-SSG.Due to the magneto-rheological effect,
the electrical response of e-SSG to strain was higher and
linear under a uniform magnetic field.

(2) The response of the e-SSG to dynamic loading with large
amplitude was nonlinear. Magnetic field improved the
sensitivity and stability. The shear stiffening behaviors and
magneto-rheology behaviors could improve the recovery
capacity.

(3) e-SSG could be utilized to monitor the quasi-static deformation
and low-velocity impact. Within an appropriate range, the
e-SSG could hold stable mechanical and electrical properties
and respond regularly to external stimuli.
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