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Abstract: This review article presents various multi-DOF application systems that utilize smart
magnetorheological (MR) fluid. It is well known that MR fluid has been actively studied and applied
in many practical systems such as vehicle suspension dampers. The design requirements for the
effective applications of MR fluid include geometry optimization, working principles, and control
schemes. The geometry optimization is mostly related to the size minimization with high damping
force, while the working principles are classified into the shear mode, the flow mode, and the squeeze
mode depending on the dominant dynamic motion of the application system. The control schemes

are crucial to achieve final targets such as robust vibration control against disturbances. It should be

ﬁge(f:tfg addressed that advanced output performances of MR application systems heavily depends on these
three requirements. This review article presents numerous application systems such as sandwich
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o structures, dampers, mounts, brakes, and clutches, which have been developed considering the three
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design requirements. In addition, in this article some merits and demerits of each application system
are discussed to enable potential researchers to develop more effective and practical MR application
systems featuring the multi-DOF dynamic motions.
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Magnetorheological (MR) fluid is a type of smart material whose rheological char-
acteristics can be continuously controlled based on the intensity of an applied external
magnetic field. MR fluid is composed of a base o0il and magnetizable micro-scale iron
particles, as well as additives such as surfactants. The iron particles randomly distributed
in the base oil are magnetized by an externally applied magnetic field to form a chain
structure, and the force required to break the chain structure serves as the actuating force
in MR fluid-based actuators. Because the bonding strength of the chain structure increases
proportionally to the intensity of the applied magnetic field, the actuating force can be
continuously controlled by adjusting the intensity of the magnetic field. When a chain
structure is formed inside a MR fluid according to the application of a magnetic field, it
externally changes from a liquid phase to a solid-like phase, and this characteristic change
is reversible. The operation modes of a MR actuator can be classified into flow, shear, and
squeeze modes. The conceptual configuration of each mode is illustrated in Figure 1. In
the flow mode, as shown in Figure 1a, the MR fluid fills the space between two stationary
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plates and flow occurs due to the result of the pressure difference between the two ends. A
magnetic field is applied perpendicular to the flow. A damper is the most representative
type of actuator that utilizes the flow mode. In the shear mode, as shown in Figure 1b, the
MR fluid fills the space between a stationary plate and a sliding plate, and a magnetic field
is applied in a direction perpendicular to the moving plate. For the plate to move, the chain
structure formed in the MR fluid must break. The force that breaks the chain structure is
expressed as an actuating force. Brakes and clutches are typical actuators that use the shear
mode. In the squeeze mode, as shown in Figure 1c, the MR fluid fills the space between two
moving plates. A magnetic field is applied in the same direction as the moving direction of
the plates and flow occurs perpendicular to the moving direction of the plates. The squeeze
mode is suitable for cases in which the displacement is small, but a large actuating force is
required and is typically utilized in dampers or mounts. Actuators such as dampers, brakes,
clutches, and mounts are representative devices in which MR fluid are applied. Actuators
using MR fluid have the disadvantage of having to design a magnetic core for generating
a magnetic field, but they have many advantages such as fast response times (less than
1 ms), low power consumption (less than 5 W for a vehicle damper), and simplicity of
structural design. A unique advantage of MR actuators is that they can exhibit failsafe
features without requiring additional devices, unlike conventional active actuators such as
motors or passive actuators such as hydraulics. These advantages are attractive for utilizing
MR actuators in various industries such as automotive engineering, aerospace engineering,
manufacturing engineering, and civil engineering.
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Figure 1. Conceptual configuration of the operating modes of a MR actuator. (a) Flow mode; (b) shear

mode; (c) squeeze mode.
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In the first part of this review article, recent research works related to MR sandwich
structures, which have been extensively studied in the field of vibration and noise reduction
and control, are discussed. In this study, for MR sandwich structures, a comprehensive
review was performed with a focus on design configurations, modeling techniques, and
control algorithms, and vibration and noise control characteristics were investigated. In
the latter part of this review, recently reported MR actuators such as dampers, mounts,
brakes, and clutches, are classified by application field, and the features of the newly
proposed actuators are investigated. The application fields considered in this study include
not only traditional automotive, aerospace, manufacturing, and civil engineering fields
but also robotics, rehabilitation engineering, and haptic interfaces, which have recently
received increasing attention. In particular, the degree of freedom of the system to which
MR fluid actuators are applied was also considered in this review. This review article can
help readers understand the design characteristics of MR actuators according to different
application fields and can provide useful guidelines for the practical implementation of
MR actuators in various application fields.

2. MR Sandwich Structure

There are numerous applications of MR fluid, and these applications can be classified
into two sectors: traditional dynamic systems and flexible structures. In the dynamic
systems, principal design objectives are force, moment, and torque focusing on the field-
dependent yield stress of MR fluid itself, while the objectives are damping and stiffness
properties focusing on the field-dependent complex modulus of MR fluid core of the
sandwich structures. Therefore, the former sector includes a wider range of the applications
than the latter such as the damping force of the MR damper and the torque control of the
MR brake. The latter sector is mainly focused on the vibration control of flexible structures
such as long flexible links of the space robot and flexible blades of the helicopter. The
vibration control of flexible structures plays a fundamental role in various applications such
as large structures in space engineering and bridge cables in civil engineering. Thus far,
three different types of methods have been used to suppress or control unwanted vibrations,
namely, passive, semi-active, and active methods. Passive methods provide reasonable
performance using a simple methodology but have several limitations such as the lack
of real-time avoidance of time-varying resonances. Active vibration control methods are
very effective under uncertain environmental conditions but cause instability and incur
high implementation costs based on the use of multiple actuators and sensors. Semi-active
vibration control methods provide effective vibration control performance through energy
dissipation using viscoelastic materials such as polymers, rubber, electrorheological fluid,
and MR fluid. Recently, it has been verified that the semi-active vibration control technique
using MR fluid as a core layer in sandwich structures is very promising. The generic concept
for the development of sandwich structures is illustrated in Figure 2, which presents a
deformable solid-embedded ME fluid domain. The specific standard structures associated
with this concept include sandwich beams, sandwich plates, and sandwich shells, which
contain the MR fluid domain as a core layer, as shown in Figure 2. Because these structures
have the infinite degree-of-freedom, in practice, a finite multiple degree-of-freedom (multi-
DOFs) is frequently considered for the identification of modal properties such as the natural
frequency of each mode. In this section, sandwich structures studied over the past five
years are reviewed in terms of design configuration, modeling, and control approaches in
the order of sandwich beams, sandwich plates, and applications of sandwich structures.
As mentioned, the passive sandwich structures have limited performance with respect to
vibrations with a wide frequency range or time-varying characteristics. These limitations
can be resolved by utilizing MR sandwich structures, which can be controlled continuously
in a wide frequency spectrum with the robustness against external disturbances. The
semi-active vibration control using MR sandwich is very attractive to a very thin structure
since the structural stability is assured all the time by realizing the energy dissipation effect.
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Figure 2. The concept of sandwich structures with MR fluid core. (a) Beam; (b) plate; (c) shell.

Walikar et al. fabricated a cantilever sandwich beam consisting of three layers, where
the top and bottom layers were aluminum sheets and where MR fluid was encapsulated
between the sheets [1]. Through experimental tests, they determined that the controllability
of vibration characteristics such as the natural frequency and the damping factor can be
achieved by modulating the intensity of the magnetic field applied to the MR fluid domain.
Biju et al. studied the damping characteristics of a bidirectional sandwich composite
beam containing the MR fluid as a core and investigated the field-dependent damping
property and natural frequency with various magnet positions [2]. Kolekar et al. proposed
a sandwich beam featuring the MR fluid as a core material and modeled and calculated
the first-mode damping ratio and the natural frequency and compared them to measured
data [3]. Naji et al. studied the vibration behavior of adaptive laminated composite
beams integrated with a MR-fluid layer using a modified layer-wise displacement theory
in which each layer was modeled based on the first-order shear deformation theory [4].
Romaszko and Sapinski investigated the dynamic behavior of three-layered cantilever
sandwich beams filled with MR fluid with different iron-particle contents by volume [5].
They fabricated two different types of beams, namely, fully filled beams and partially
filled beams, and they used free vibration tests to determine that the equivalent natural
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frequencies and damping coefficients of the beams could be tuned by varying the magnetic
field. Nagiredla et al. fabricated a sandwich cantilever beam with glass fiber as the face
layer and MR fluid as the core, and they investigated the changes in the natural frequency
and damping properties when varying the magnetic field applied to the fluid domain [6].
Lahane investigated the field-dependent storage modulus and the loss factor of a cantilever
sandwich beam consisting of an aluminum face material and a MR fluid core and compared
the measured data to the calculated values from a 1-DOF lumped model [7]. Srinivasa
et al. presented experimental and computational results regarding the changes in both the
damping property and the natural frequency of a fully filled MR fluid and a partially filled
MR fluid between two aluminum face plates [8]. Acharya et al. fabricated six different
sandwich beams with different particle sizes and weight fractions of carbonyl iron powder
(CIP). Through sinusoidal excitation tests, they determined that sandwich beams with a
larger particle size and a higher weight fraction of CIP exhibited an increased damping ratio
and vibration suppression [9]. Vazquez and Kauffman proposed an updated analytical
model to measure sandwich beams containing MR fluid as core materials, where the modal
and transient properties were related to the stiffness of the shear modulus at various
magnetic-field intensities [10].

Manoharan et al. investigated the optimal locations of MR fluid pockets in partially
treated laminated composite MR sandwich plates to achieve the maximum natural fre-
quencies and loss factors, where a genetic algorithm combined with the finite element
method was utilized to find the optimal locations [11]. Manoharan et al. experimentally
investigated the natural frequencies of fully and partially treated laminated composite MR
sandwich plates by varying the intensity of the magnetic field, boundary conditions, and
location of the MR fluid pocket [12]. Arani et al. conducted vibration analysis of a viscoelas-
tic sandwich plate consisting of a MR fluid core and nanocomposite face sheets featuring
a piezoelectric matrix and functionally graded carbon nanotubes, where the influence of
various parameters such as the core-to-face-sheet-thickness ratio and the magnetic field and
volume fraction of iron particles on the dimensionless natural frequencies of the sandwich
plate were identified [13]. Kolekar et al. reviewed different types of sandwich beams, plates,
and shells featuring MR fluid cores, where the modal characteristics of several specific
beams and plates were presented with the effects of the magnetic field, the location of the
MR fluid pocket, and the modal excitation [14]. Eyvazian et al. considered the instability
of sandwich plates consisting of a MR fluid core and piezoelectric-reinforced face sheets
for vibration control using a proportional-derivative controller in which the sinusoidal
shear deformation theory and the Hamilton principle according to piezo-elasticity theory
were employed to calculate motion equations. These equations were solved to obtain
the vibration and the modal-loss factor of the proposed sandwich plate with respect to
the dimensions of the structure, the electromagnetic field, the damping of the structure,
the viscoelastic environment, and the boundary conditions [15]. Asgari et al. studied
the aeroelastic instability of a partially treated MR sandwich panel in supersonic airflow
using the linear first-order piston theory and the classical Hamilton principle, where the
critical aerodynamic pressure was affected not only by the magnetic field strength, core,
and constraining layer thicknesses but also by the configuration of the core [16]. Aboutalebi
et al. conducted comprehensive analysis of the nonlinear vibratory behavior of circular,
annular, and sector sandwich panels containing a MR fluid as the core layer, where a finite
element method based on the von Karman formulation was used to evaluate the effects of
the post-yield behavior of the MR fluid on nonlinear vibration suppression under various
magnetic fields [17,18].

Wang et al. investigated the vibration characteristics of a rotating sandwich beam
featuring MR fluid as a core layer using the finite element method and the Hamilton
principle and found that the natural frequency of the beam increased as the rotation
speed and magnetic field strength increased, while the modal-loss factor decreased as the
rotation speed decreased [19]. Wei et al. investigated the dynamic properties and vibration-
suppression capabilities of an axially moving sandwich beam with a MR fluid core using the
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linear viscoelasticity theory, where the effects of the speed of the axial movement, the axial
force, the applied magnetic field, and the skin-core-thickness ratio on the capabilities of the
beam for natural frequency suppression were considered [20]. Arani et al. investigated the
modeling and vibration analysis of double sandwich beams coupled by a visco-Pasternak
medium, where the material properties of the MR fluid were obtained from experimental
data, and the material properties of the carbon nanotube/fiber composite face sheets
were obtained from the Halpin—Tsai model [21]. Hemmatian (Figure 3) investigated the
sound-transmission loss capability of sandwich panels treated with MR-fluid cores at low
frequencies. The sound transmission behavior of MR-based circular sandwich panels was
investigated through the development of efficient numerical models, and the topology
optimization of sandwich panels partially treated with MR fluid and a silicone rubber
core layer was considered [22]. Bolat and Sivrioglu (Figure 4) proposed a novel active
control structure to suppress the vibrations of a small-scale wind turbine blade filled with
a MR fluid core. In Figure 4, h; is the wall thickness of the equivalent beam; #, is the MR
fluid layer thickness; b is the width of the beam; and x, and xs are the length from the
wall to the actuator and the sensor position, respectively. A dynamic interaction model
between the MR fluid and the electromagnetic actuator was constructed to obtain a force
relationship, and the H2/H-inf controller was experimentally implemented [23]. Nezami
and Gholami studied the optimal locations of a finite number of embedded MR fluid
pockets using a single-objective genetic algorithm to suppress the supersonic flutter of
an elastically supported sandwich beam with a regular honeycomb interlayer to achieve
the optimal compromise between mass and flutter suppression, where the best number
of MR pockets and optimal magnetic field values in a honeycomb sandwich structure
were determined [24]. Eshaghi investigated the aeroelastic stability of sandwich plates
containing MR fluid as a core layer under supersonic airflow, where the effects of the MR
fluid, the magnetic field, the boundary conditions, and the plate parameters on the flutter
boundaries of sandwich MR plates were analyzed [25]. Ebrahimi and Sedighi studied the
wave propagation of a rectangular sandwich composite plate containing a tunable MR fluid
core, and it was determined that the magnetic field intensity was the most significant factor
for changing the wave frequency and the phase velocity of the propagated waves [26].
Table 1 summarizes many different recent studies on MR fluid sandwich structures.

Incident Sound

Core Layer
(MR Fluid)
Face Layer
(Aluminium) i
\ Transmitted Sound

rA

A

Sealing Rubber
(Silicone Rubber)

Reflected Sound \

Figure 3. Schematic of a sandwich plate with MR fluid and silicone rubber cores for sound transmission [22].
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MR fluid

x =L
Figure 4. Schematic of a blade sandwich structure with MR fluid core [23].
Table 1. Studies on MR fluid sandwich structures from 2015 to 2021.
Type of Sandwich Structure Reference
Cantilever sandwich beam [1] Walikar et al.
Bidirectional sandwich composite beam [2] Biju et al.
First mode motion of sandwich beam [3] Kolekar et al.

Adaptive laminated composite beams

[4] Naji et al.

Three-layered cantilever sandwich beams

[5] Romaszko and Sapinski

Sandwich cantilever beam with glass fiber

[6] Nagiredla et al.

Cantilever sandwich beam with an aluminum face material

[7] Lahane

MR fluid between two aluminum face plates

[8] Srinivasa et al.

Six different sandwich beams

[9] Acharya et al.

Updating the analytical model of a MR sandwich beam

[10] Vazquez and Kauffman

Laminated composite MR sandwich plates with MR fluid pockets

[11] Manoharan et al.

Laminated composite MR sandwich plate

[12] Manoharan et al.

Viscoelastic sandwich plate consisting of MR fluid core and nanocomposite face sheets

[13] Arani et al.

Review paper

[14] Kolekar et al.

Sandwich plates consisting of MR fluid core and piezoelectric reinforced face sheets

[15] Eyvazian et al.

MR sandwich panel in supersonic airflow

[16] Asgari et al.

Sector sandwich panels containing MR fluid

[17,18] Aboutalebi et al.

Rotating MR sandwich beam

[19] Wang et al.

Axially moving MR sandwich beam

[20] Wei et al.

Double MR sandwich beams

[21] Arani et al.

Sound transmission loss capabilities of MR sandwich panels

[22] Hemmatian

Small-scale wind turbine blade filled with MR fluid core

[23] Bolat and Sivrioglu

Sandwich bean with embedded MR pockets

[24] Nezami and Gholami

Aeroelastic stability of MR sandwich plates

[25] Eshaghi

Rectangular sandwich composite plate containing tunable MR fluid core

[26] Ebrahimi and Sedighi

3. MR Damper

A MR damper can generate an additional damping force based on the application of a

magnetic field. As shown in Figure 5a, the upper and lower chambers are fully filled with
MR fluid, which can flow through the orifice according to the movements of the piston.
Since the pressure difference between the two chambers of the damper is tuned by adjusting
the magnetic field intensity, the MR damper was applied to the multi-DOF application
system. In this section, MR-damper studies from the past five years are reviewed in terms
of design configurations, modeling, control approaches, and application fields.
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Figure 5. Structural configuration of a MR damper; (a) schematic diagram and (b) commercialized

products for vehicle suspension (Cadillac Touring 6).

3.1. Automotive Application

The damping force of a MR damper is tuned by adjusting the magnetic field intensity
under various road conditions. Therefore, the desired damping force for a multi-DOF
vehicle system can be achieved using a MR damper, thereby providing both ride comfort
and driving stability. The advantages of MR dampers include their simple mechanism, lack
of moving parts, high reliability, and excellent durability. As shown in Figure 5b, Cadillac
and Audi have released various sports-car models with MR dampers. Recently, MR
dampers have been used to reduce not only vertical motion but also steering motion [27,28].
Dutta et al. defined a 3-DOF dynamic model of the Macpherson strut with a MR damper,
rotation of the wheel assembly, and lateral stiffness of the tire to represent the nonlinear
characteristics of a Macpherson-type suspension system [27]. Additionally, a novel type of
controller for regulating 4-DOF steering motions such as shimmy vibration was developed,
and its control performance was evaluated [28]. To enhance ride comfort and reduce
unwanted vibrations, a novel adaptive sliding mode controller was proposed by adopting
a moving sliding surface. MR dampers can be applied to the seat suspensions of heavy
dump trucks or buses [29]. Ride quality in heavy dump trucks or buses is very important
based on its effects of safety and health issues for drivers. Therefore, a rotary-type MR seat
damper was devised to reduce the transmitted vibration from the ground and increase the
productivity of drivers. Additionally, Phu et al. [30,31] proposed a novel adaptive fuzzy
controller associated with the H-infinity technique for 2-DOF vehicle seat suspension, as
shown in Figure 6. When using an adaptive controller, vibration control performance was
significantly better than that when using a fuzzy controller. Table 2 summarizes many
different recent studies on MR dampers for automotive application.
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Figure 6. Schematic configuration of a MR seat suspension for 2-DOF seat system [31]. (a) Photograph;
(b) mechanical model.

Table 2. Studies on MR dampers for automotive application from 2015 to 2021.

Specific Application Features Reference
Damper for passenger vehicle MacPheson strut type with MR damper [27] Dutta et al.
Damper for passenger vehicle MR Damper for shimmy vibration [28] Dutta et al.

Damper for seat of heavy-duty vehicle Rotary MR damper [29] Sun et al.
Damper for seat of passenger vehicle Mono tube MR damper with adaptive controller [30] Phu et al.
Damper for seat of passenger vehicle Mono tube MR damper with adaptive hybrid controller [31] Phu et al.

3.2. Civil-Engineering Application

Based on their large damping force, MR dampers are widely used in multi-DOF
bridges and civil structures [32]. During an earthquake, such structures exhibit nonlinear
behaviors. Accordingly, an actuator and control method for structural nonlinear vibrations
are required. In this review, several studies related to MR dampers for the seismic resistance
of structures are briefly discussed. It is widely known that MR dampers can reduce the
earthquake responses and wind-induced swaying of buildings. Li et al. [33] proposed a
sliding-mode control method and a fuzzy controller based on the complexity of structures
and the chattering phenomenon. A MR damper and building model were modeled using
the revised Bingam model and a third-generation nonlinear benchmark model. The control
performance was evaluated through numerical simulations, and the control results revealed
the effectiveness of the proposed methods. Cruze et al. [34] numerically investigated the
time-history analysis of structures, including peak acceleration and displacement data.
Based on their analysis results, the optimal control inputs were calculated according to
various control algorithms. Mahdi et al. [35] reported the fuzzy control performance of
a three-story building. According to the control results, the displacement of the building
was reduced compared to uncontrolled buildings. Omar et al. [36] examined the seismic
responses of multistory buildings with MR dampers. The SAC method was utilized to
regulate the behavior of a MR damper. An adaptive controller can properly handle the
structural feature changes that occur during earthquakes [36,37]. Talatahari et al. [38,39]
studied the alternative modeling of a MR damper using a Takagi-Sugeno-Kang (TSK)
fuzzy inference system. Subsequently, a linear quadratic regulator controller was designed
to calculate the optimal control force of a MR damper. Experiments revealed that the
proposed inverse TSK model of the MR damper could provide highly competitive results
for a several-story shear building with a MR damper. Table 3 summarizes many different
recent studies on MR dampers for civil engineering.
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Table 3. Studies on MR dampers for civil engineering from 2015 to 2021.
Specific Application Features Reference
Damper for civil engineering: bridge MR damper connected to cable of bridge [32] Weber et al.
Seismic damper for earthquake Revised Bingham and nonlinear building models [33] Lietal.
Damper for civil engineering MR damper on a reinforced cement concrete frame [34] Cruze et al.
Seismic damper for earthquake MR damper with fuzzy logic controller [35] Mahdi et al.
Seismic damper for earthquake Numerical simulation using simple Bouc-Wen model and SAC method [36] Omar et al.
Seismic damper for earthquake Monotube MR damper with adaptive sliding mode control [37] Fali et al.
Damper for civil engineering Numerical simulation using TSK model of MR damper [38] Talatahari et al.
Damper for civil engineering Numerical simulation using TSK model of MR damper [39] Talatahari et al.

3.3. Military and Railway Application

A MR damper can be used to generate a shockwave profile, as shown in Figure 7 [40—-42].
Because the electric devices in submarines are damaged by shockwaves caused by noncon-
tact explosions, impact examinations should be implemented to verify shock survivability
according to shock loading. The controllability of a MR impact damper can be used to
modify and tune shockwave profiles. Oh et al. designed a control logic for a MR damper
and evaluated its control performance [41]. An experimental apparatus for impact tests
was constructed, and field-dependent dual shockwave profiles were successfully evalu-
ated [41,42]. The vibrations of a 15-DOF high-speed railway system cause poor ride quality
and track abrasion. Several studies have been conducted to solve this problem [43,44].
Oh et al. proposed a MR damper attached between the bogie frame and car body [43].
By designing a fuzzy skyhook controller, the vibration control performance at the critical
natural frequency range of the car body, which directly affects ride quality, was significantly
enhanced. Kim et al. [44] evaluated the control performance through field tests. The re-
search team of Prof. Kumar designed several control algorithms for MR dampers in railway
systems, including disturbance rejection control [45] and predictive model control [46].
Based on the control results, it was confirmed that the vertical vibrations of railway vehicles
can be significantly reduced using the proposed semi-active suspension strategies. Recently,
Jin et al. [47] developed a novel type of semi-active suspension featuring a MR damper and
elastomer. Table 4 summarizes many different recent studies on MR dampers for military
and railway engineering.

Velocity
Accelerometer I g . Accelerometer II MR

Generator

Fixe;I

Wall

Programmer

Base Spring

Figure 7. Schematic diagram of a horizontal hydraulic double-pulse shock testing setup [42].
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Table 4. Studies on MR dampers for military and railway engineering from 2015 to 2021.

Specific Application Features Reference
Damper for military engineering MR damper under high-impact load [41,42] Oh et al.
Damper for military engineering MR damper under high-impact load [42] Oh et al.
Damper for railway engineering Mono tube MR damper with skyhook controller [43] Oh et al.
Damper for railway engineering Mono tube MR damper with skyhook controller [44] Kim et al.

Damper for high-speed rail vehicle

Performance comparisons of passive systems, semi-active-low, semi-active-high, and semi-active

controls placed vertically in the secondary suspension [45] Sharma et al.

Damper for high-speed rail vehicle

Numerical simulation using MR model of Ali and Ramaswamy, and predictive model controller [46] Sharma et al.

Damper for high-speed rail vehicle

Hybrid Actuator with MR damper and MR elastomer [47] Jin et al.

3.4. Rehabilitation Application

Based on the advantages of MR fluid, which can control stiffness and damping prop-
erties, many studies have reported prosthetic knee applications using MR dampers. Park
et al. [48] manufactured a prosthetic leg for above-knee amputees featuring a MR damper
and a flat motor. The proposed device consists of a wearable connector, an encoder, a
flat motor, planetary gear, a gyro sensor, a hinge, and a MR damper. The MR damper
generates a reaction force, whereas the commutated flat motor actively controls the knee
joint angle during the gait cycle. It was demonstrated that the knee joint angle accurately
follows the desired angle at a low walking velocity. They concluded that a MR damper
with a slow response time and an inaccurate algorithm for the gait cycle for predicting the
knee angle degrades tracking performance at high walking velocities. Additionally, Pandit
et al. [49] devised a novel type of prosthetic leg that includes a MR damper, a hinge-type
knee joint, and braces to support the leg assembly. To reduce the cost of the proposed
prosthetic leg, a single-MR-damper-based knee joint mechanism was proposed, which
can realize normal gait kinematics at a low cost comparable to that of passive prostheses.
Recently, Wang et al. [50] proposed a finger rehabilitation robot for active and passive
training. To fulfill the requirements of different rehabilitation stages, an antagonistic pair
of pneumatic muscles was used to generate a bidirectional force for passive training, and
a MR damper was utilized for active training. The current of the MR damper was tuned
to provide several damping forces to satisfy the required intensity of the finger muscles
during various rehabilitation stages.

3.5. Washing-Machine Application

Nguyen et al. developed a MR damper to control the vibration of 2-DOF washing
machines [51,52]. Because the MR damper was installed inside the washing machine, the
damper size was constrained. To solve this problem, Nguyen et al. proposed an optimal
design technique using finite element analysis. The optimal geometric parameters of the
MR damper for the washing machine were obtained from the finite element analysis results.
Subsequently, an experimental test was conducted to analyze the hysteresis behavior of the
MR damper [51]. Additionally, a novel type of self-powered shear-mode MR damper was
proposed to reuse the wasted energy from the vibration of washing machines. To generate
energy, permanent magnets were attached to the shaft, and induction coils were wound on
the slots of the housing. When a harmonic excitation with a 2.4 Hz frequency and a 30 mm
amplitude was applied to the MR damper, it was determined that the maximum power
generation was approximately 19 W [52].

3.6. Aircraft Landing-Gear Application

Aircraft landing gears are used to reduce the transferred landing force on the airplane
body. Passive oleo-pneumatic landing gears are widely used for their high landing effi-
ciency per unit weight. However, this type of passive landing gear cannot obtain optimal
performance under all design conditions. To overcome the limitations of passive landing
gears, semi-active MR dampers with two chambers have been proposed for application
to airplane landing-gear systems. To control MR landing-gear systems, a conventional
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skyhook controller can be applied to such systems. Although the landing efficiency of a
skyhook controller is better than that of a passive landing gear system, the dependency of
a skyhook controller on the airplane velocity limits performance enhancement. To resolve
this limitation, hybrid controllers composed of a force controller and a skyhook controller
have been proposed and applied to MR landing-gear systems [53-55]. Figure 8 presents
a 6-DOF aircraft model with a MR damper for its landing gear. In Figure 8a, it was set
to generalized coordinates for 6-DOF aircraft motion for the translational displacement
in the Z-direction on Py, the rotational displacements of the pitch angle 6 and roll angle
¢, and the damping strokes of the nose gear and the right and left main gears. Moreover,
the MR damper’s response to various fuselage postures and controllers was analyzed by
drop simulation of the 6-DOF aircraft model as shown in Figure 8b. Based on this full-scale
model, the landing stability and efficiency of the hybrid controller were much better than
those of a conventional skyhook controller.

MR Damper

Aircraft Altitudg

Initial Condition (-0.26 s) Touchdown (0 s) 1st Maximum bounce (0.59 s)  2nd Maximum bounce (1.09 s)

(b)

Figure 8. 6-DOF aircraft model with a MR damper landing gear system; (a) dynamic model and
(b) snapshot of drop simulation [55].

3.7. MR Mount Applications

It is widely known that various mechanical systems are exposed to both vertical and
horizontal vibrations with high frequencies and low magnitudes. One type of mount is
suitable for vibration-reduction applications in such systems because the magnitude of
vibrations is very small. Passive mounts such as rubber or air springs are widely used based
on their economic feasibility. However, conventional mounts cannot be used effectively
to control unwanted vibrations. Therefore, semi-active-type mounts are recommended
based on their failsafe functions and controllability. Among the many actuators available
for semi-active-type mounts, MR fluid has been highlighted for their fast response time,
simple control strategy, and failsafe conditions. Additionally, the appearance of high-load
MR mounts has recently been highlighted, and their application has been extended to
vibration-controlled automotive engine systems. It should be noted that MR mounts are
very similar to conventional hydraulic mounts, but their capacity and controllability are
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significantly different. Therefore, a broad review of automotive semi-active MR mounts
can help designers develop more advanced structures.

In 2010, MR engine mounts were applied to the Porsche GT3 and GT2. A MR engine
mount can reduce the relative motion between the power train and chassis. In 2016, Choi
et al. proposed a shear-flow hybrid-type MR mount [56,57]. Yang et al. evaluated the
performance of a MR mount from the perspective of a comfortable ride for passengers and
drivers [56,57]. Li et al. [58] constructed and verified a steady-state model of a squeeze-type
MR mount by considering the responses in the squeeze mode, the fluid viscosity, and the
fluid inertia. Bai et al. proposed a novel unidirectional MR squeeze mount with a small
amount of MR fluid [59,60]. This can significantly reduce the cost of MR mounting systems.
However, the controllability of the MR squeeze mount is limited by the squeeze gap. To
maximize controllability, Liu et al. [61] devised a novel mechanism for a MR mount with
an internal bypass. Because the MR fluid channel consists of inner and outer concentric
cylinders and the piston divides the inner cylinder, the proposed MR mount has many
benefits such as a large controllable range and working stroke and small field-off dynamic
stiffness. Both the frequency-based controller and the fuzzy controller were synthesized, and
the control performance was evaluated through computer simulations and experimental
tests. Based on the control results, it was confirmed that the results of the frequency-based
controller were always better than those of the fuzzy controller in the full frequency range.

To fabricate sophisticated patterns without excessive vibration transmission, 3-DOF
precision manufacturing stages have been used. To obtain high-quality products, efficient
vibration-isolation devices such as hybrid MR mounts are required. Generally, a hybrid
MR mount consists of an air chamber (passive), a small MR damper (semi-active), and an
electromagnetic (EM) coil actuator (active). However, this system has three drawbacks:
control input interference, expensive commercial control boards, and large mount sizes
based on the inclusion of an EM actuator. To overcome these drawbacks, Han et al. [62]
proposed a simple hybrid mount consisting of an air spring and a small MR damper, as
shown in Figure 9. By eliminating the EM actuators, a simpler mechanism, robustness to
noise and disturbance, and cost effectiveness can be obtained. Additionally, it has been
confirmed that unwanted vibrations are significantly reduced in the operating frequency
range (up to 30 Hz), and a fast settling time is obtained. Table 5 summarizes many different
recent studies on MR mounts.
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Figure 9. Precision stage with a hybrid actuator [62]. (a) Photograph; (b) schematic configuration.
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Table 5. Studies on MR mounts from 2015 to 2021.

Specific Application Features Reference
[56] Yang et al.
[57] Yang et al.
[58] Li et al.
[59] Chen et al.
[60] Chen et al.
[61] Liu et al.

Mount for engine Shear-flow hybrid-type MR mount

Mount for engine Shear-flow hybrid-type MR mount

Mount for engine Squeeze-type MR mount

Mount for engine Squeeze-mode MR mount

Mount for engine Squeeze-mode MR mount

Mount for engine MR mount with internal bypass

Mount for precision stage ~ Hybrid actuator with mono tube MR damper and air spring ~ [62] Han et al.

4. MR Brake/Clutch

MR brakes and clutches are actuators that can control torque on a rotating device. The
purpose of the MR brake is to reduce the rotation speed or stop rotation completely to
transmit the rotational force from one shaft to another shaft. A MR brake is configured
in the form of a fixed housing and rotating core, and the MR fluid fills the space between
the core and the housing. A MR clutch consists of one pair of rotating cores, another
individual rotating core, and a rotating housing. The MR fluid fills the space between the
cores or between the core and the housing. A core is designed in the form of a disk or drum,
and the MR effect is generated in the MR fluid in the flow mode or the shear mode. The
schematic configurations of a MR brake and clutch are presented in Figure 10. Phu and
Choi presented a mini-review article on MR brakes and clutches reported from 2013 to 2018
with a focus on their structural configurations [63]. Hua et al. reviewed the state of the art
based on the structural configurations of MR brakes and clutches developed between 2018
and 2021 [64]. In this section, MR brakes and clutches developed from 2015 to 2021 are
summarized according to their fields of application.

Magnetic
Flux ~__

Shaft

Rotary
Disk

Magnetic
Flux ~_

/MR Fluid _~ MR Fluid

Driving
Shaft
N
N

Driven

|| Stationary Clutch — Shaft
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Coll

| _Magnetic
Coll

(a) (b)

Figure 10. Schematic configurations of MR brakes and clutches. (a) MR brake; (b) MR clutch.

4.1. Vehicle Application

In an effort to apply MR brakes and clutches in the vehicle-engineering field, various
studies have been conducted, and many have been reported in recent years. Sohn et al. [65]
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proposed a single-disc-type MR brake for midsize motorcycle applications, as shown in
Figure 11. Design parameters such as the radius of the disc, the gap size, and the coil
dimensions were optimized through finite element analysis, and the braking torque of
the manufactured MR brake was evaluated experimentally. Yu et al. [66] presented a new
design for a MR brake featuring a multipath magnetic circuit using permanent magnets to
achieve enhanced braking torque for vehicle applications. After determining the design
parameters through finite element analysis and experiments on the fabricated prototype, a
full-scale prototype was fabricated, and its feasible application in automotive braking was
validated. However, based on the large size of the proposed MR brake model, its practical
realization and maintenance are difficult. Shamieh and Sedaghati [67] formulated a multi-
disciplinary design-optimization problem to identify the optimal geometrical parameters
of a MR brake to improve the slipping of vehicles under different road conditions. After
solving the optimization problem, the performance of an optimally designed MR brake
was investigated using a quarter-vehicle model. Le et al. [68] conducted design-parameter
optimization on a MR brake for motorcycle applications with multiple objectives, including
maximizing braking torque, minimizing brake mass, and limiting the temperature to below
a critical value. They considered the design of rectangular and polygonal-shaped housings
and side-coil configurations. In addition, they compared the braking performance of differ-
ent models. Hasannasab and Bazargan-Lari [69] designed and manufactured a MR brake
for wheelchair handling under low-weight constraints. Based on finite-element-analysis
results, a prototype was manufactured, and its braking performance was evaluated by
confirming good agreement between the experimental- and numerical-analysis results. Le
et al. [70] developed a MR brake featuring a rotating disc with multiple trapezoidal teeth
for small motorcycle applications. To obtain a high braking torque, multiple poles with
trapezoidal shapes were adopted, and the size of the brake was kept compact. Tri et al. [71]
developed a MR brake for application in a cycling training system. They adopted a dual disc
and a dual coil to obtain a higher braking torque by increasing the contact area between the
MR fluid and the disc. After optimizing the design parameters, a prototype was fabricated;
its braking performance was validated; and good agreement between the experimental and
numerical simulation results was confirmed. Wang et al. [72] proposed a multidisc MR
clutch for vehicle applications. To overcome the high-temperature problem that degrades
the performance of MR clutches in vehicle applications, the transient temperature was
investigated through experiments and numerical simulations. East et al. [73] presented a
new application of a MR clutch to an automotive active suspension system. They compared
the experimental results to those of previous studies and verified that an active suspension
system that can efficiently control vibrations can be constructed by applying a MR clutch to
a suspension consisting of an electric motor, rack, and pinions. Lokhande and Patil [74]
designed and manufactured a MR clutch for two-wheeled electric-vehicle applications. The
torque transmission capabilities of the MR clutch with and without slits were evaluated
analytically and experimentally, and an increase in torque transmission caused by the
presence of slits was validated. Table 6 summarizes many different recent studies on MR
brakes/clutches for vehicle application.
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Figure 11. A single-disc-type MR brake for midsize motorcycles [65].

Table 6. Studies on MR brakes/clutches for vehicle application from 2015 to 2021.

Specific Application Features Reference
Brake for motorcycle Single disc with single coil [65] Sohn et al.
Brake for automotive Multi-path magnetic circuit [66] Yu et al.
Brake for automotive Dual disc with single coil [67] Shamieh et al.
Brake for motorcycle Single disc with single coil on the side [68] Le et al.
Brake for wheelchair Dual disc with single coil [69] Hasannasab et al.
Brake for motorcycle Tooth-shaped rotary disc [70] Le et al.
Brake for bicycle Dual disc with single coil [71] Diep et al.
Clutch for automotive Multi-disc with single coil [72] Wang et al.
Clutch for automotive Multi-disc with single coil [73] East et al.
Clutch for two-wheeler Multi-disc with single coil [74] Lokhande et al.

4.2. Haptic Device Application

Haptic systems are the most researched field of MR brake and clutch applications
along with the vehicle-engineering field, and interest in this field has been continuously
increasing. MR brake and clutch actuators have fast response times and excellent energy
efficiency. Thus, these are expected to replace existing electric motor and gear actuators with
compact system configurations. Various studies have been conducted on these applications.
Gonenc and Gurocak [75] developed a hybrid haptic device composed of a DC servomotor
and MR brake for the training of tissue cutting with surgical scissors. The proposed haptic
actuator was implemented using a compact 1-DOF interface to simulate virtual tissue
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cutting using three different scissor types and four types of rat tissue. It was demonstrated
that the hybrid actuator provided a wide range of forces with rapid responses to render
rapid force variations without any instability for all compared tissues using only a DC
motor. Cinq—Mars and Gurocak [76] proposed a novel linear hybrid actuator consisting
of a pneumatic cylinder with a MR brake embedded in its piston to develop a haptic
actuator with a high force-to-weight ratio. They investigated a triple-helix flux guide for
the linear MR brake and a serpentine flux path to enable larger braking forces, as well
as control algorithms that enable the use of simple solenoid valves and improved power
efficiency. Cha et al. [77] designed a haptic master with 6-DOFs that can be applied to
robot-assisted minimally invasive surgeries. The proposed haptic master is activated by
both a MR brake and a clutch. For successful tracking control performance, a fuzzy plus
proportional-integral-derivative feedback controller was used for the repulsive force, and
a feed-forward controller was associated with a hysteretic compensator for the repulsive
torque. Qin et al. [78] proposed a MR brake for a haptic actuator based on desirable features
such as inherent passiveness and high compactness. To achieve enhanced braking torque
within a small-limited volume, they adopted a multi-disc architecture. They applied this
MR brake actuator to multi-finger interface for the 6-DOF haptic device. Kang et al. [79]
presented controllable MR-fluid-based actuators for the design of a novel 6-DOF haptic
master that can be applied to robot-assisted surgery, as shown in Figure 12. A MR clutch
was adopted for the three-axis translational motion of the haptic master body, and a MR
brake was used for the rotational motion of the end effector in the slave robot. Sohn
et al. [80] proposed a small MR brake featuring a trapezoidal drum structure to achieve
enhanced braking torque with a limited size. After manufacturing a MR brake, it was
experimentally verified that the proposed MR brake provided improved braking torque
compared to a conventional MR brake. The dynamic characteristics and torque-tracking
control performance were also evaluated through an investigation of the step, sinusoidal,
and multi-magnitude step responses. Gang et al. [81] proposed a 3-DOF master device for
teleoperation, and MR brakes were adopted to generate a haptic effect on the operator’s
three-axis wrist motions. After manufacturing the master device and the slave robot, the
performance of the proposed system was experimentally validated in terms of the tracking
control of the desired position and the repulsive torque. Wang et al. [82] developed a
data glove featuring a MR-brake-based haptic actuator and experimentally investigated its
force-feedback performance. The results verified the feasibility and stability of the proposed
force-feedback data glove by demonstrating feedback force tracking control accuracy. Diep
et al. [83] proposed a 3-DOF haptic master device for teleoperation featuring a spherical
arm mechanism and three MR brakes. The authors adopted two rotary brakes and one
linear brake for independent three-axis force feedback to the operator. Okui et al. [84]
developed a force-feedback device actuated by pneumatic artificial muscles and a MR
clutch. The authors manufactured a delta-type 4-DOF (one rotation and three translations)
haptic master device and applied it to perform lid opening. Wellborn et al. [85] designed
a small-scale MR brake for haptic applications, and its performance was experimentally
validated. By combining the disk-type and drum-type designs and incorporating coils
into the rotor, all three shear surfaces of the rotor were utilized to generate a large braking
torque. Table 7 summarizes many different recent studies on MR brakes/clutches for haptic
device application.
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Figure 12. Schematic configuration of a bidirectional MR clutch [79].

Table 7. Studies on MR brakes/clutches for haptic device application from 2015 to 2021.

Specific Applications Features Reference
Brake for surgical training system Dual drum and single coil hybrid with DC servo motor [75] Gonenc et al.
Brake for haptic actuator Helix cylindrical core [76] Cing-Mars et al.
Brake and clutch for teleoperation Dual disc with single coil [77] Cha et al.
Brake for haptic actuator Multi-disc with single coil [78] Qin et al.

Brake and clutch for teleoperation

Dual disc with single coil [79] Kang et al.

Brake for haptic actuator

Trapezoidal single drum with single coil [80] Sohn et al.

Brake for teleoperation

Trapezoidal single drum with single coil [81] Gang et al.

Brake for data glove

Single disc and single coil [82] Wang et al.

Brake for teleoperation

Tooth-shaped rotary disc with single coil and linear brake with dual coil [83] Diep et al.

Clutch for haptic actuator

Multi-disc with single coil [84] Okui et al.

Brake for haptic actuator

Combined disc and drum with single coil [85] Wellborn et al.

4.3. Rehabilitation Application

Wang et al. [86] proposed a MR brake for application in gait-rehabilitation robots. A
structure that can expand the area in which the MR effect occurs was adopted to satisfy
the high operating force required for the gait-rehabilitation robot. After manufacturing the
proposed MR brake, its mechanical performance was investigated, and brake properties
such as torque versus speed and yield torque versus current were evaluated. Sayyaadi
and Zareh [87] investigated a prosthetic knee with one activating rotary disc to achieve
the necessary braking torque in a walking gait using a T-shaped drum with an arc surface
boundary. The T-shaped disc increased the effective areas of influence between the drum
and the MR fluid, and the arc wall crushed the particle chains of the MR fluid together
instead of breaking them, unlike a conventional MR brake. Ma et al. [88] developed a
MR brake with power-regeneration capabilities called a regenerative MR actuator for gait
assistance in the knee joint, as shown in Figure 13. Both the motor and MR brakes work in
parallel and can harvest energy through regenerative braking. Andrade et al. [89] presented
an active MR knee actuator developed for transfemoral prostheses. Their system consists
of a motor unit, a harmonic drive, and a MR brake. The motor unit provides active motion
and works in parallel with the MR brake. With this configuration, the actuator possesses
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multiple functions. It can serve as a motor, a clutch, or a brake, allowing it to reproduce
movements similar to those of a healthy knee during different activities. Mousavi and
Sayyaadi [90] developed a prosthetic knee featuring a hybrid MR brake with a T-shaped
disc and an arc-shaped surface boundary. The authors performed a three-step process to
achieve successful development. In the first step, to model the MR brake, the slab-modeling
method was used to calculate the braking torque induced by the arc surface. In the second
step, the biomechanical geometric design was adjusted as an optimization problem to
maximize the braking torque, minimize the instantaneous electrical power dissipation,
and maximize the torque density based on three biomechanical constraints. In the third
step, the proposed prosthetic knee was verified through simulations and experiments. Xu
et al. [91] presented an 8-DOF rehabilitation robot system with a MR actuator that allows
for two working modes, namely, robot-active and human-active modes. In the robot-active
mode, the MR actuator functions as a clutch to transfer torque to the robotic joint safely. In
the human-active mode, the MR actuator functions as a brake to provide resistance to help
strengthen muscles. The working mode is determined by human motion intention, which
is detected by skin-surface electromyography signals. Table 8§ summarizes many different
recent studies on MR brakes/clutches for rehabilitation application.

Figure 13. Photograph of a MR brake for assistive knee braces [88].

Table 8. Studies on MR brakes/clutches for rehabilitation application from 2015 to 2021.

Specific Application Features Reference
Brake for gait rehabilitation Increased effective area with a rotor [86] Wang et al.
Brake for prosthetic knee T-shaped single disc incorporating an arc-form surface and single coil [87] Sayyaadi et al.
Brake for assistive knee braces Multi-disc with single semi-circular coil [88] Ma et al.
Brake for prosthetic knee Multi-disc with single coil [89] Andrade et al.
Brake for prosthetic knee T-shaped single disc incorporating an arc-form surface and dual coil [90] Mousavi et al.
Brake and clutch for rehabilitation robot Single disc with single coil [91] Xu et al.

4.4. Robot Application

As shown in Figure 14, Baser and Demiray [92] investigated the design, character-
ization, selection, and implementation of T-shaped, inner coil, and outer coil multipole
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MR brakes for the ankle of an exoskeleton robot. Prototypes of the same size were manu-
factured and tested experimentally to characterize their torque-to-volume ratio, transient
response, hysteresis, torque-tracking, energy consumption, and damping performance. The
performance comparisons of the brakes revealed that the T-shaped multipole MR brake
design provided superior characteristics compared to the other two designs. Kim et al. [93]
developed a multi-disk-type MR brake with three modules for wearable robot driving.
Each module consisted of three disks and one coil to achieve an enhanced actuating torque
with a limited volume. Two prototypes were constructed: one to verify the performance
of the manufactured MR brake and the other to check the generated torque and response
characteristics according to the applied voltage. Wang et al. [94] evaluated series clutch
actuators with high torque-to-weight ratios for open-loop torque control and collision
safety. To overcome the disadvantages of a MR clutch, particularly its relatively low torque-
to-weight ratio, which makes integration into robots difficult, series clutch actuators were
proposed, and their superiority was demonstrated. Moghani and Kermani [95] presented
the design and validation of a lightweight MR clutch called a hybrid MR clutch. Their
clutch utilized hybrid magnetization based on an electromagnetic coil and a permanent
magnet. The electromagnetic coil can adjust the magnetic field generated by the permanent
magnet to the desired value and can fully control the transmitted torque. A prototype of
the hybrid MR clutch was fabricated, and its dynamic performance was experimentally
validated. Table 9 summarizes many different recent studies on MR brakes/ clutches for
robot application.

Motor - 1
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Force Arm
Ball Screw

Motor - 2

Moment Arm

Force sensor

Ball Screw

Force sensor

Potentiometer

Variable Stiffness
Mechanism

TSMP-MR Brake

Rubber Base

Figure 14. Photograph of a MR brake applied to the ankle of an exoskeleton robot [92].

Table 9. Studies on MR brakes/ clutches for robot application from 2015 to 2021.

Specific Application Features Reference
Brake for exoskeleton robot ankle joint T-shaped core and inner coil, outer coil, and multi-pole [92] Baser et al.
Brake for wearable robot driving part Three modules, each module consists of three discs and a single coil [93] Kim et al.
Clutch for robot force control Single disc with single coil [94] Wang et al.
Clutch for fast and precise motion and torque control Multi-discs with single coil [95] Moghani et al.

5. Conclusions

In this review article, numerous multi-DOF MR applications including MR sandwich
structures, MR dampers, MR mounts, MR brakes, and MR clutches were adopted and
discussed. Based on the inherent and salient properties of MR fluid, the research progress in
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the development of MR applications has become very fast, and the research topics are still
active and attractive. This review identified that an appropriate design configuration, mod-
eling, and control approach are crucial factors in the commercial development of advanced
MR-fluid-application devices and systems. Among the many design requirements for
successful practical realization or commercialization of MR application systems, geometry
configurations, working principles, dynamic modeling, and control approaches must be
carefully considered, and this point has been emphasized in this review article. In addition,
this review article described the inherent advantages and disadvantages of each MR ap-
plication to be explored more in the future. Consequently, the comprehensive discussion
on various multi-DOF dynamic systems presented in this review article will provide very
useful guidelines to create and develop more advanced multi-DOF MR-fluid-application
systems in various fields including automotive, civil, and medical engineering.
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