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Owing to unique advantages, magnetorheological fluid (MRF) dampers have been widely adopted in different fields of vibration
control. Significant differences of structures occur in diverse fields due to the respective requirements, thus obtaining a large
number of MR dampers. Having a good understanding of types, technical characteristics, comprehensive performance, and
developing trend and their dependencies on structures are extremely conducive to innovative developments and a market
selection. While the fundamental and partial structures are summarized in an existing review, the classification, latest tech-
nologies, and developing trend are not involved clearly..erefore, the current survey aims at a comprehensive supplement in such
aspects..e review begins with an introduction of the development, application, and classification..en, details of three technical
routes are revealed, and the development of each type is roughly analyzed. Finally, reflecting through this review, structures
including a novel flow mode and miniature bypass valves have represented the currently structural and technical features. Fully
considering the latest technologies and future requirements, the developing trend and a variety of applications will be anticipated.

1. Introduction

MR dampers which are known as damping elements have
been developing rapidly since the 1990s of the last century.
Of those, an MR damper had been developed and applied to
a semiactive suspension system of a quarter car model in
1999 [1]. Also at the same period of the last century, MR
dampers were manufactured by Lord, and these damping
elements had been successfully applied to commercial ve-
hicle seats and human prostheses [2]. In 2000, a single-
cylinder damper was first designed and analyzed by the
University of Maryland [3]. Utilized to control vibration of
the suspension system of high-mobility multipurpose
wheeled vehicle (HMMWV), another damper was created in
the University of Nevada [4]. In 2001, a damper with
maximum damping force of 300 kN was provided by Tekki
company, and its excellent effect had been reflected through
vibration control in the National Museum of Emerging
Science and Innovation [5]. An MR damper was also
designed to control vibration of an artillery system in 2001

[6]. In 2002, adopting Delphi technology, another MR
damper was included in the suspension of a passenger ve-
hicle [2]. Hereafter, as one of the main damping components
in the future, the MR damper has been considered widely in
different vibration systems, and its development is expected
to be very rapid.

In recent past 15 years, MR dampers have been wide-
spread in different fields of vibration control [7, 8] including,
but not limited to, the civil buildings and bridges [9–11],
suspension systems in high-speed trains [12–14], advanced
artificial limb system [2, 15], large washing machine [16, 17],
automotive suspension systems [18–21], aircraft landing
gear [22, 23], seats of commercial vehicle [24, 25], complex
mechanical systems [26], helicopter rotor system [27], and
so on.

.e survey including the above literature would report
that, although MR dampers have unique advantages such as
continuous damping control, short response time, and large
yield stress under smaller voltage [28–30], an available
product in market is usually depended on a single coil [31]
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embedded in a piston groove. .is structure brings obvious
deficiencies in the effective damping channel, magnetic field
utilization, adjustable damping range, versatility, manu-
facture and heat dissipation, etc. In order to overcome these
defects and promote development of traditional MR
dampers, almost all researchers have made great efforts to
study the structures of MR damper and their influence on
performance [31–101]. .e improved ones mainly operated
in such ways that change the number of coils in piston
grooves [2, 34–41, 44, 46–48], adjust magnetic field by one or
more permanent magnets [49–51], utilize double hydraulic
system [52, 53], arrange a coil near the bottom or guide
assembly [54–61], adopt one or more coils outside the outer
wall of a cylinder [45, 62–64], transfer a coil to an external
valve [9, 28, 33, 34, 66, 68–72, 74–78, 93], improve the
magnetic circuit [32, 42, 80, 81], and design dampers with
improvements in flow channels [21, 28, 62, 74–80,
82–84, 86–101]. Of those, invented in the last few years, a
damper with an external valve also adopted multistage radial
flow mode is one of the latest structures [74–77], and an-
other two dampers with multistage circumferential flow
mode in miniature external valves can further promote the
development of MR dampers [78, 79]. .ese improved
structures, especially ones based on multistage circumfer-
ential flowmode and external valves [78, 79], have presented
evident advantages such as longer damping channel, high
magnetic field utilization, larger damping range, weak
magnetic field excitation, smaller volume, lower energy
consumption, better generality, and so on.

It is easily drawn from the above literature that MR
dampers have been developed in the direction of high-
performance products, and there are so many structures
at this stage. A review entitled “Magnetorheological fluid
dampers: A review on structure design and analysis” has
presented fundamental structures. However, the classifica-
tion, latest technologies, and developing trend are not in-
volved clearly, especially not containing structure developed
in the latest years. .erefore, this paper aims at a com-
prehensive review of representative structures and tech-
nologies. .e following are details of existing ones.

2. Improvements of Coil Number
and Distribution

2.1. Coils Embedded in Piston Grooves

2.1.1. Single-Coil Structure. .e earliest MR damper usually
depends on the magnetic excitation of a single coil. As is
illustrated in Figure 1 [31], the coil is coaxially embedded in a
piston groove of a single-tube MR damper. In this structure,
soft magnetic materials with high permeability, low coercive
force, and high magnetic saturation capability are usually
adopted in the core and other magnetic components so that
most of the magnetic flux will be passed through the effective
channel [32, 33]. .e viscosity in the annular gap or a cy-
lindrical hole can be adjusted by input current. Combining
continuous damping control, simple structure, and relatively
low cost, the damper is mainly utilized in suspension systems
of passenger vehicles. However, the controllable annular gap

or a cylindrical hole is mainly concentrated on the region
perpendicular to the magnetic flux lines, and the viscosity of
most channels is not adjusted.

.e effective channel is very short, only a fewmillimeters
in some dampers. Owing to a shorter damping channel, the
damping force range is not particularly large, and larger
damping force should not be considered by more turns
because of size limitation and response time. .erefore, this
damper is usually adopted in the field of small damping
control, and its application is almost limited to automobile
suspensions.

.ere is another distinctive single-tube MR damper with
a single coil and two rods. Its principle of the magnetic
circuit and adjustment of damping force are the same as
those of the damper in Figure 2 [2]. .is damper is usually
applied for gun recoil applications, aseismic buildings, etc
[2, 34]. Although its larger size and force requirements can
be realized by more coil turns as long as the response time is
not too long, it is still used in a specific occasion because of
the limited damping force range.

Of course, there are also existing structures with two
tubes and a single coil. Owing to limitations of size, response
time, and coil turns, the effective damping channel will not
be very large whether a single-tube or two-tube structure is
adopted. In addition to such a defect, a longer response time,
coil heating, and trend of deterioration in damping behavior
are also inevitable.

2.1.2. Multicoil Structure. In order to expand the effective
channel, enlarge the controllable region of the magnetic
field, increase the utilization of magnetic field, reduce in-
ductance and response time, and so on, many scholars have
adopted their best knowledge to develop MR dampers by
two, three, and more coils [2, 35–41, 44–46]. .erefore,
under a small current, a larger damping force may be
achieved by a reasonable control strategy. Of those, a twin-
tube damper with a two-coil structure, shown in Figure 3
[2, 34], usually includes an inner cylinder and an outer
cylinder. .e outer cylinder combines the functions of
protecting inner components, storing MRF, and dissipating
heat [34, 42]. Located at the bottom of the inner cylinder, a
foot valve assembly is used to regulate the flow between the
MRF reservoir and the compression chamber [34]. In the
compression stage, through an annular gap or cylindrical
holes in piston, the fluid in the compression chamber first
flows to the rebound chamber..e compression valve in foot
valve assembly will be opened as long as its pressure dif-
ference is large enough, which will bring pressure hysteresis
behavior in rebound chamber and hydraulic imbalance
[32, 43]. Combining such a deficiency, the relatively complex
structure and weak dissipation will limit further develop-
ment. Compared with a single-tube damper with one coil,
this damper has some advantages such as larger damping
force and range, especially a longer channel. .e extended
damping channel will expand application and reduce ex-
citation current and energy consumption. However, owing
to the limitation of size, stroke, and piston length, the ar-
rangement of multicoils is very hard, and this damper is

2 Shock and Vibration



usually adopted in suspension systems of vehicles. It cannot
be widely matched in different vehicles and other fields.

�e multicoil structure including two coils have been
widely studied by international scholars and applied in
different fields [38–41, 44–46]. Another two-coil damper was
suggested by Hu et al., and its maximum damping force is
1.21 kN under the 1A excitation current [38]. Of those, three
coils are illustrated in Figure 4(b) [35, 47, 48]. In this
structure, the length of the damping channel can be effec-
tively extended. �e another truth is that, in a damper with
multicoils, the magnetic field intensity in the effective
damping channel can be increased by the reverse winding of
adjacent coils or through the reverse current on the coils of
the same direction [35, 47, 48]. �erefore, the damping force
needs to be further improved [35, 47, 48]. According to these
principles, an MR damper with three coils had been de-
veloped by Lord and applied in an aseismatic building
[36, 37, 40]. It is readily concluded from Figure 5 [36, 37]

that the effective length is further extended because of four
controllable regions in the damping channel [36, 37, 40].
�e evident advantage of this structure can be reflected
through maximum force of 20 kN [36, 37, 40]. However,
the length of wire, 1.5 km [40], must require larger volume
and increase the inductance and cost. Its application will
only be limited to the field of large damping control, and it
will also not be widely matched in diverse fields. In 2007,
adopting two rods, a three-coil structure was still con-
sidered in a MR damper, and it can be utilized in sus-
pension systems of a train [39].

As is shown in Figure 6(a), a damper with four coils was
proposed by Gavin et al. [44]. Without magnetic field, the
minimum damping force is only 300N [44]. Maximum one
can be up to 4 kN under 10A current [44]. �e controllable
range is suitable for requirement of small damping control
such as vehicle suspension. However, this damper brings two
evident problems. One is the lower damping force, which is
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Figure 3: (a) Section view of a twin-tube MR damper. (b) Details of foot valve. 1, piston rod; 2, rebound chamber; 3, piston; 4, compression
chamber; 5, foot valve assembly; 6, outer housing; 7, MR fluid reservoir; 8, inner housing; 9, return valve; 10, compression valve [2].
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Figure 1: (a) Section view of a single-tube MR damper. (b) Magnetic circuit in a MR damper piston. 1, piston rod; 2, piston; 3, MRF
reservoir; 4, housing; 5, compressed gas reservoir; 6, accumulator piston; 7, coil; 8, MRF gap; 9, iron sleeve; 10, flux; 11, core [31].
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Figure 2: Double-ended MR damper. 1, MRF reservoir; 2, coil; 3, front piston rod; 4, approximate flux path; 5, piston; 6, rear piston rod [2].
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not consistent with the function of the multicoil structure.
Other is the larger energy consumption. For example,
maximum consumption will be hundreds of Watts since the
resistance is at least a few ohms. .erefore, structural pa-
rameters of this damper should be further optimized.

For improving the structure mentioned by Gavin et al.
[44], Yazid added an additional coil at the bottom so that
the damper can work in the shear and squeeze modes, shown
as Figure 6(b) [48]. Adopting a finite element method,

structural parameters are successfully optimized, and
damping characteristics are also further improved [48].
Developed by Zheng et al. in 2014, another damper with four
coils was also operated in such a way that the coils were
wound on the head of a piston [41]. .e exciting currents of
each coil are separate, and currents of adjacent coils were
exactly opposite [41]. Combining appropriate parameters,
maximum damping force of 17 kN had been successfully
achieved by these characteristics [41].
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Figure 4: Difference of use between (a) single coil and (b) multiple coils with alternating polarity: 1, valve core; 2, coil; 3, activation area; 4,
magnetic flux; 5, nonmagnetic section [35, 47, 48].
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Figure 5: Schematic of 200 kN seismic damper: 1, thermal expansion accumulator; 2, 3-stage piston; 3, MRF; 4, magnetic flux [36, 37].
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Figure 6: (a) Multicoil MR damper [44] and (b) diagram of multiple-coil MR damper [48].
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.ere are also existing structures with more coils, and
damping force can be enlarged effectively. However, almost
all of the multicoil structures increase sizes of pistons and
reduce strokes of dampers. Manufacturing and processing
are also difficult because of more complex structures and
the arrangement of multiple coils in pistons. Especially, in
order to enhance the damping effect, reverse currents on
adjacent coils are necessary as long as the wound direction
is unchanged [35]. .is operated way requires multiple
power supplies for the respective coils and increases energy
consumption [35]. Such behaviors are not in conformity
with requirements of the simpler structure and lower
energy consumption [35]. .erefore, not requiring lower
energy consumption, smaller sizes, and lower cost, some
fields such as aseismatic buildings can utilize these dampers.
.erefore, these dampers cannot be widely matched in dif-
ferent fields.

2.1.3. Single-Coil or Two-Coil Structure with the Permanent
Magnet. Adopting one or two additional permanent mag-
nets, another method is used to enlarge damping force by
increasing magnetic field intensity rather than extending the
length of a damping channel. Without magnetic field of coil
excitation, certain yield stress of fluid will be first produced
by permanent magnets [32, 49]. Owing to the better
damping effect under no current, this structure is usually
applied to a damping control system with failure protection
[32, 49].

.erefore, these dampers still work normally when the
original magnetic circuit system is damaged. An evident
truth, in these structures, is the function of increasing or
reducing damping force as long as a two-way driving device
of current is matched with permanent magnets [32, 49]. .e
magnetic field intensity in the damping channel will be
increased if the magnetic field generated by the coil is
consistent with the direction of permanent magnets [32, 49].
Depending upon this principle, the larger damping force can
be achieved under the smaller exciting current, and the
utilization of themagnetic field is improved [32, 49]. Instead,
magnetic field intensity in the damping channel can be
reduced effectively if it is opposite to magnetic field of
permanent magnets [32, 49]. .e minimum damping force
can be further reduced [32, 49]. Combining these charac-
teristics, the range of damping force can be expanded to
some extent [32, 49], and these dampers can be applied to
more fields.

Considering the above advantages, Bose and Ehrlich
proposed two types of dampers [50, 51]. One is a single-coil
structure with two permanent magnets, and the other is the
two-coil structure combining one permanent magnet, which
are shown in Figure 7. As is pictured in Figures 7(a)–7(c), in
the first structure, two magnets are, respectively, arranged at
the top and bottom ends of a coil. .e directions of magnetic
fields of magnets should be identical. A permanent magnet
in the second damper is arranged between two coils, il-
lustrated in Figures 7(d)–7(f ). Portrayed in Figures 7(a) and
7(d), the initial viscosity of the fluid near the permanent
magnet is controlled by the magnetic field of a permanent

magnet when the coil is out of energy. .erefore, a larger
damping force can be produced without an unexcited
magnetic field. In the adjacent area of a permanent magnet,
the larger magnetic field intensity is essentially the result of
the superposition of two kinds of magnetic flux as long as
directions of two fields are identical, given by Figures 7(b)
and 7(e). Oppositely shown in Figures 7(c) and 7(f), the
magnetic field intensity will be decreased if the exciting
current has been changed, which may bring smaller
damping force. .erefore, damping force ranges of these
dampers can be extended properly, especially expanding the
maximum and minimum force simultaneously.

.e structure mentioned in Figure 7 [32, 51] can be
arranged in the piston ring groove and other parts. However,
it is sometimes difficult to arrange them in a traditional
piston, especially in a structure with more coils and per-
manent magnets. .is difficulty can be overcome by con-
centric installation of the coil and magnet in a same groove.
Representing this possibility, in 2010, a novel damper was
proposed by Nehl and Alexandridis. As illustrated in Fig-
ure 8 [49], a coil and a permanent magnet are concentrically
installed in a groove of the piston..e coil is mounted on the
outer surface of the permanent magnet. A magnetic gap near
the inner surface of the permanent magnet is helpful to
reduce the leakage of the magnetic flux generated by a
permanent magnet. Owing to the same principles men-
tioned in Figure 7 [32, 51], this damper also can be applied to
fields with failure protection, and the range of damping force
will be effectively expanded.

Of course, there may be three or more coil structures
with several magnets if all of the parts can be installed. A
truth is that, although the range of damping force will be
properly expanded, the length of an effective damping
channel and the controllable regions of the magnetic field
cannot be extended obviously. .erefore, it is sometimes
difficult to achieve a larger range of damping force, and the
development of this structure is limited.

2.1.4. A Structure with Two Hydraulic Systems. Owing to a
high cost of MRF, a damper with more MRF cannot be
widely applied inmany fields of vibration control. In order to
obtain excellent performance and further reduce a cost, two
hydraulic systems are adopted in some dampers. .e active
adjustment of MRF can be used to control flow of ordinary
oil. According to this requirement, a damper was proposed
by Koh [52]. As shown in Figure 9 [52], this damper includes
two cylinders and two pistons. Two pistons are connected by
a rod fixture. .e MRF is arranged inside the inner cylinder,
and another fluid is located in a region between the inner
and outer cylinders. .e first and second pistons are, re-
spectively, installed inside the inner and outer cylinders. .e
number of damping channels in each piston is determined
by the requirement of the maximum damping force. A coil is
mounted on a groove of the second piston. .e viscosity of
MRF in channels of the second piston can be controlled
when the coil is energised. .e movement of the first piston
can be influenced by that of the second one. .erefore,
damping force of this damper can be adjusted actively, and a
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cost of it will be greatly reduced because of a small volume of
MRF.

As is mentioned in Figure 10 [53], a damper with a
similar structure had been developed by Jensen et al. Such a
single-tube damper is divided into a three-chamber struc-
ture by two floating pistons..emovement of the first piston
is limited to the first chamber, and another is in the second
one. .e ordinary oil, MRF, and high pressure gas are
arranged in the first, second, and third chambers, re-
spectively. A coil is located at a groove of the second piston
so that MRF in the passageway can be actively controlled by
the magnetic field. Owing to the adjustment to flow in the
second chamber, the movement of the first piston will also be
regulated effectively. .erefore, achieving an active adjust-
ment of the damping force and a lower cost, this damper
may be an excellent one in small or medium damping
requirements.

Evidently, compared to a traditional damper mentioned
in above sections, the high cost is successfully reduced.
Adopting these dampers in a suspension system, appropriate
damping force can be produced so that ride comfort can be
improved to some extent. In this field, compared to a passive
damper with ordinary oil, a relatively large damping range
can be obtained. Owing to a short path of MRF and a similar
structure of ordinary dampers, the switching time for
damping force can be reduced, and the overall cost is also
lower. However, still controlling the viscosity in an axial
channel and arranging a coil in a piston, limitations of
traditional MR dampers are not overcome.

Moreover, the flow channels of ordinary oil cannot be
changed by a movement of MRF, and damping force is
mainly controlled byMRF. More excellent performance may
be obtained if MRF is used to adjust sizes of channels of
ordinary oil. Usually, a squeeze mode of MRF is adopted to
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Figure 7: Single-coil and dual-coil fail-safe piston in three different operating modes: without coil current (a, d), with positive coil current
(b, e), and with negative coil current (c, f ). 1, permanent magnets; 2, core; 3, coil; 4, annular MRF gap; 5, MR valves; 6, magnetic flux lines
[32, 51].
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control sizes of the flow channel in another hydraulic sys-
tem. In such a structure, the volume of MRF will be very
small, thus almost achieving an equivalent cost of an or-
dinary damper.

.ere are other dampers adopting two hydraulic sys-
tems. Novel dampers with such a mode should be paid more
attention, especially developing dampers combining new
flow modes, bypass valves, and two hydraulic systems.
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Figure 9: (a) A schematic cross-sectional view of a double-tube shock absorber using both MRF and an ordinary fluid. (b) An enlarged
cross-sectional view of a portion “A” shown in Figure 9(a). 1, rod fixture; 2, first working chamber; 3, inner cylinder; 4, first piston rod; 5,
second piston rod; 6, first piston; 7, second working chamber; 8, outer cylinder; 9, first accumulator; 10, second accumulator; 11, second
piston; 12, first orifices; 13, coil; 14, second orifices [52].
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Figure 8: A longitudinal cross-sectional view of MR damper with permanent magnet: 1, rod; 2, piston; 3, flux ring; 4, coil; 5, permanent
magnet; 6, magnetic gap [49].
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Achieving excellent performance and a lower cost, MR
dampers will be implemented in more fields of vibration
control.

2.2. Coils Located near the Bottom and Guide Assembly inside
Cylinder. As is mentioned in the above sections, it is rel-
atively difficult to arrange coils in the grooves of a piston,
especially installing coils in the axial direction of a two-tube
damper.�erefore, located far away from a piston, a coil was
first transferred to the bottom of the inner cylinder in 1994
[54]. Proposed by Carlson and Chrzan, flow between the
inner chamber of the inner cylinder and the outer chamber
can be controlled by a magnetic field, and an accumulator in
the piston is also necessary [54].

Owing to the structure shown in Figure 11 [54], in a
rebound stage, the fluid in the rebound chamber will be first
flowed into the reservoir through openings. Via damping
channels in the bottom end, the fluid in the reservoir is then
flowed into the compression chamber [54]. Oppositely,
during the compression stage, the fluid in the compression
chamber will be first flowed into the reservoir through
damping channels of the bottom end, and the fluid in the
reservoir is then flowed into a rebound chamber [54]. In
damping channels of the bottom end, the viscosity of fluid is
controlled by the magnetic field whether the damper is in the
stage of rebound or compression.

Following the same consideration, a further damper was
first invented by Noakley in 2008 [55]. As shown in
Figure 12(a) [55], this twin-tube damper includes a working
chamber, an outer chamber, and a lower chamber. �e
working chamber is divided into the compression and re-
bound ones. �e one-way valves are located at both piston

and foot valves so that the fluid can be flowed through a
single direction. During the rebound stage, the one-way
valve in a piston is closed and another one in the foot valve
can be readily opened.�erefore, at this stage, the fluid in the
rebound chamber will be flowed into the compression
chamber through the inlet passage, outer chamber, pas-
sageways, lower chamber, and one-way valve in the foot
valve. Oppositely, opening the one-way valve in a piston and
closing another one in the foot valve, this damper ensures
that fluid in the compression chamber will be first flowed
into the rebound chamber through a one-way valve in the
piston. �e fluid in the rebound chamber is then flowed into
the lower chamber through the inlet passage, outer chamber,
and passageways. Resulting from such a way of flow, MRF
must flow through the passageways. A coil is just arranged in
a groove of the foot valve, and its magnetic field controls
partial regions of passageways. �erefore, damping force in
rebound or compression stage can be adjusted.

In addition to above characteristics, a compressed air
chamber is also situated at the lower end of this damper. A
movable baffle is designed to separate the compressed gas
from MRF. �e low gas pressure in the gas chamber ef-
fectively decreases static loads of the seal and bushing, thus
reducing static friction. Usually generated by high-speed
movement of a piston in the compression stage, a cavitation
phenomenon can be successfully avoided by the one-way
circulation of fluid. �e heat dissipation is also better since
the contacting area between the fluid and the outer cylinder
is larger, which will greatly avoid attenuation of performance
of MRF and prolong its service life.
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Figure 10: A longitudinal cross-sectional view of MR damper: 1,
first floating piston; 2, passageway; 3, second floating piston; 4,
third chamber; 5, second piston; 6, electric coil; 7, second chamber;
8, first chamber; 9, first piston [53].
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Figure 11: Twin-tube damper configuration with coil located
stationary relative to the housing: 1, rebound chamber; 2, inner
tube; 3, outer tube; 4, compression chamber; 5, core element; 6, coil;
7, cup-shaped end member; 8, gap; 9, floating piston; 10, accu-
mulator; 11, piston; 12, reservoir; 13, openings; 14, piston head
[54].
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Evidently, combining additional functions and con-
trollable damping characteristics, this damper presents some
advantages. However, it is very difficult to extend the ef-
fective length of damping channels, and the range of
damping force is also very limited, which is almost con-
sistent with those of a damper with a single coil or more coils
in grooves of a piston.

According to the original structure in Figure 12(a) [55],
two improvements are implemented, shown in Figures 12(b)
[55] and 12(c) [55]. As is mentioned in Figure 12(b) [55],
passageways have been transferred to the outside of the outer
cylinder, and this damper can be classified into a type with
an external valve. In Figure 12(c) [55], the gas chamber is
installed in an external valve. .e first and subsequent
improvements can reduce axial lengths of dampers. How-
ever, radial width is also increased, which is not conducive to
the arrangement of a damper in a limited space, especially in
a suspension system of a passenger car. Moreover, owing to
limitations of structure and size, such improvements cannot
greatly extend effective damping channels, and extending
the range of damping force as well as increasing the utili-
zation ratio of the magnetic field is not perfectively achieved.

Including dampers shown in Figures 13 [56] and 14
[57, 58], there are many improved ones that can be divided
into this type. In Figure 13 [56], a damper, the so-called
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Figure 12: A schematic view of a twin-tube MR damper: (a) the coil arranged in a groove of the foot valve, (b) the side location of the MR
valve, and (c) the gas chamber installed in an external valve. 1, piston rod; 2, inlet passage; 3, inner tube; 4, outer tube; 5, outer chamber; 6,
passageways; 7, coil; 8, lower chamber; 9, moveable wall; 10, gas chamber; 11, foot valve (including lower one-way valve); 12, compression
chamber; 13, piston (including upper one-way valve); 14, rebound chamber; 15, reservoir [55].
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Figure 13: Schematic views of MRF damper with bifold config-
uration of electromagnet. 1, piston rod; 2, magnetic structure as-
sembly; 3, piston; 4, inner chamber; 5, magnetic end structure
assembly; 6, pneumatic chamber; 7, electrical coil; 8, cavity; 9, inner
tube; 10, outer chamber; 11, outer tube; 12, flux return [56].
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bifold valve damper, had been proposed by Mao et al.
[56, 59]. Different from the structure in Figure 12 [55], a coil
is arranged at both ends of the inner cylinder, respectively.
Combining the structure and arrangement of coils, a closed
flux loop can be easily formed through the magnetic end
structural assembly, inner tube and cavities, and magnetic
lines pass through effective cavities perpendicularly. .is
two-coil structure ensures four effective regions controlled
by a magnetic field, thus successfully extending the effective
damping channels and improving utilization of the magnetic
field [60, 61]. .ere is no obvious space limitation in the
arrangement of coils, and layout is more flexible. Not in-
stalling coils in a groove of a piston, this damper also brings
very important features such as reducing the cross-sectional
area of a piston head, decreasing area ratio between a piston
and effective damping channels, limiting flow velocity of
fluid in damping channels, generating smaller viscous force
without the magnetic field, and expanding a damping range
[56]. However, it is also very limited to extend effective
damping channels, and it cannot be widely matched in
different fields.

Proposed by Guo et al. [57], a coil is installed in the guide
assembly of another damper. Combining pressure relief
channels and reflux channels, such a structure is called a
pump-type damper, shown in Figure 14(a) [57]..rough the
outer cylinder, seal seat, controllable damping channels, and
piston rod guide, the magnetic flux forms a closed loop. .e

one-way valves are also arranged in the piston and foot valve
so that the continuous and unidirectional flow can be
produced. An important truth is that, no matter whether the
damper is in a state of compression or rebound, MRF must
be first pumped from the bottom to the up. .e fluid in a
rebound chamber is then flowed through pressure relief
channels, the active area, finally returning to the oil reser-
voir. .erefore, viscosity in active area where magnetic lines
are just perpendicular to the direction of flow is controlled
by the magnetic field.

In this structure, owing to the arrangement of the
magnetic circuit system in a guide assembly, the number of
coils and its layout will be more flexible. Considering this
point and requirement of higher performance, an improved
damper was proposed by Zhang et al., shown in Figure 14(b)
[58]. Also according to a pumping-type principle, this
damper adopts two coils with different winding directions,
which can enhance the magnetic field intensity and expand
the range of damping force.

.e pump-type dampers as well as structures mentioned
in Figure 11 [54], Figure 12 [55], and Figure 13 [56] will
overcome difficulty in arranging coils in piston grooves,
improve the utilization of the magnetic field, and not in-
crease volume obviously. However, effective lengths of
damping channels will not be expanded greatly, and larger
damping ranges still cannot be only obtained by controllable
currents.
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Figure 14: Schematic of pumping magnetorheological damper: (a) single-coil type [57]; (b) double-coil type [58]: 1, seal; 2, seal seat; 3, guide
assembly; 4, coil; 5, outer cylinder; 6, main cylinder; 7, guide cover; 8, piston rod; 9, one-way valve; 10, piston; 11, foot valve; 12, mounting
bushing; 13, oil reservoir; 14, compression chamber; 15, rebound chamber; 16, active area; 17, pressure relief channels; 18, reflux channels;
19, inner magnetic path; 20, middle magnetic path; 21, outer magnetic path; 22, inner cylinder; 23, gas chamber; 24, middle cylinder.

10 Shock and Vibration



.erefore, these dampers are more suitable for vibration
control of small or medium damping fields.

2.3. Coils Arranged on the Outer Wall of a Cylinder.
Almost all dampers with coils inside cylinder bring diffi-
culties in arrangement, heat dissipation, further improve-
ment of damping behavior, and so on. In order to overcome
such problems and improve performance, a coil is first
arranged outside an outer tube. Also invented by Zhang
et al., a damper of this type is mentioned in Figure 15 [62]. In
this novel damper, spiralling passages are arranged in a
guide assembly..e inlet and outlet are, respectively, located
at the bottom and the top of the guide assembly. One or
more spiralling passages can be mounted between the inlet
and outlet.

In addition to additional advantages of heat dissipation
and arrangement the power line, magnetic flux generated by
coils passes through spiralling passages along the axial di-
rection. .e effective damping channels can be extended by
further improvement of spiralling passages and more coils.
However, owing to spiralling passages and axial flux, the flow
direction is not completely perpendicular to magnetic flux,
and the advantage of length will be reduced to some extent.
Moreover, the effective length itself is limited in a guide
assembly..ere is a truth that, although larger damping force
can be achieved by more turns and a large exciting current,
this damper cannot overcome technical limitations of tra-
ditional MR dampers. .erefore, not achieving smaller cur-
rent, weak magnetic field, and larger damping range, this
damper is not a perfect one, and it is more suitable for vi-
bration control of small damping fields such as vehicle
suspensions.

Still controlling the viscosity in axial channels rather
than spiralling passages, another damper was also de-
veloped by Guo et al., shown in Figure 16 [45]. As is
portrayed in Figure 16(a) [45], the one-way flow can be
produced by three tubes, one-way valves in the piston valve
and foot valve. As shown in Figure 16(b) [45], two coils are
arranged on the outer wall of the reservoir tube..e fluid in
the active area is controlled by the magnetic field, which is
consistent with the principle of a damper with a coil in a
piston groove. Compared with traditional dampers, the
regions controlled by the magnetic field will be extended
effectively, and the range of damping force will be increased
to some extent. Owing to one-way flow between the
working chamber and the oil reservoir, the contact area of
fluid is relatively larger so that good heat dissipation can be
achieved. However, the controllable region is confined to
the axial channel that is perpendicular to magnetic flux
lines..erefore, the effective length of the damping channel
is still limited and the utilization ratio of magnetic field is
still low, not removing the technical limitation of tradi-
tional MR dampers.

Following the same principle of viscosity adjustment in an
axial channel, five coils are axially arranged in corresponding
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Figure 15: (a) Schematic view of MR damper with spiral valve.
(b) Schematic view of the region enclosed by square in (a).
(c) Cross-sectioned bottom view of the rod guide. 1, seal; 2, seal
seat; 3, guide assembly; 3a, inlet; 3b, spiralling passages; 3c, outlet; 4,
end plate; 5, outer tube; 6, inner tube; 7, dome; 8, piston rod; 9,
piston; 10, foot valve; 11, coil [62].
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grooves of the outer wall of an inner cylinder, shown in
Figure 17 [63, 64]. Evidently, partial regions that do not
overlap with the height of coils are controlled by the
magnetic field, and the effective length of damping
channels is extended, which are very helpful to expand the
range of damping force. �e fluid must be flowed through
the axial channel whether the damper is in the stage of
compression or rebound. Moreover, compared to MR
dampers with multistage coils winding on grooves of a
piston, it is confident that this damper has obvious ad-
vantages in three aspects. First, under the same effective
length of a damping channel, it has a longer stroke and an
excellent ability to resist impact load [64]. Second, com-
pared to the coils embedded in the piston groove, this
damper can achieve lower off-state damping force and
higher damping ratio by designing more suitable area of
damping channels and a piston [64]. �ird, in order to
avoid arrangements of multicoil on a piston, the weight of a
piston head can be reduced. However, in this structure, the
arrangement of coils is still difficult, and the defects of the
multicoil structure will be concentrated on it. In addition to
the above behaviors, this damper brings other defects in
heat dissipation, volume, and supply mode of currents.

As mentioned in Figures 15–17 [45, 62–64], these
dampers are relatively simple, and manufacturing is rela-
tively easy. Especially in a structure with coils arranged on
the outer wall of an outer cylinder, the heat produced by coils
has little effect on the temperature of MRF [34, 35].
However, under the same size and coil turns, the response
time of these dampers is relatively longer compared to a
damper with a coil in a groove of a piston, and damping
force is relatively smaller [35, 65]. �e leakage of magnetic
flux is likewise larger [35]. �erefore, structural improve-
ments in these dampers still cannot overcome the limitation
of viscosity control in axial channels and bring new
problems.

2.4. One or More Coils Installed in a Bypass Valve. �e
limitations, such as the arrangement, heat dissipation,
volume, flexibility and scalability, etc, have been reflected
through above structures more or less. Still adjusting the
viscosity in an axial channel, a bypass valve outside the
damper body is usually dealt with these problems. In these
instances, an MR damper was first developed by Unsal
[33, 34]. Portrayed in Figure 18 [33], a coil is installed in a
bypass valve.�rough corresponding bypass ducts, two ends
of a bypass valve are connected with chambers separated by a
piston [34]. Two segments of axial channels near both sides
of the coil are controlled by the magnetic field.
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Figure 16: (a) Schematic configuration of multiple-coil MR
damper. (b) An enlarged section view including magnetic flux and
active area. 1, main cylinder; 2, reservoir tube; 3, check valve in the
piston valve; 4, piston valve; 5, foot valve; 6, check valve in the foot
valve; 7, outer tube; 8, inner tube; 9, accumulator; 10, seal com-
ponents; 11, coil; 12, magnetic guide ring I 13, retaining ring; 14,
opening; 15, magnetic guide ring; 16, active area I; 17, magnetic
flux; 18, nonmagnetic ring; 19, active area II; 20, active area III; 21,
flow channel [45].
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Figure 17: Schematic of MR damper with an inner bypass. 1,
rebound chamber; 2, compression chamber; 3, accumulator; 4,
connector; 5, piston; 6, piston rod; 7, MRF flow gap; 8, magnetic
flux line; 9, electromagnetic coil winding; 10, bobbin (inner tube);
11, outer tube [63, 64].
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In 2006, another damper with two rods was proposed by
Hong et al., shown in Figure 19 [66]. An MR valve is em-
bedded in a bypass duct connecting the corresponding
chambers. �e fluid must be flowed through axial channels
outside a coil. �e coil is situated in a groove of a component
in the middle of the valve. Not overlapped with the coil, the
regions at both ends of axial channels can be actively ad-
justed by the magnetic field, which is similar to that of a
structure mentioned in Figure 18 [33]. Compared to the
above damper, the main difference occurs in asymmetrical
diameters of two rods. It is concluded from Hong that the
damping and stiffness can be adjusted due to the active
control of damping characteristics and the unequal di-
ameters of two rods [34, 66]. Applying such a damper in
suspension systems, vibration control and lightweight of
vehicle can be achieved simultaneously [67]. Although this
damper brings an additional function, the damping control
in a limited axial channel has not yet been changed.

For obtaining larger damping force, two dampers with a
different arrangement of the coil had been proposed by Nam
and Park in 2007 [68]. As shown in Figure 20 [68], the axis of
a coil is perpendicular to that of the damper, which is
different from a parallel arrangement in most of MR
dampers. Inside the coil, a channel parallel to the axis of the
damper is controlled by the magnetic field. Almost the entire
length is an effective one. �e vertical passages near inner
walls of the coil are also under control of the magnetic field.
�erefore, damping channels and force can be effectively
expanded owing to such arrangements in the coil and flow
channels. Adopting such an arrangement, advantages of
these dampers have been reflected through the application in
fields with longer stroke and greater resistance to impact,
such as artillery systems and aircraft landing gear systems
[34, 68]. In short, combining improvements in magnetic flux
paths, flow channels, and a miniature valve, this damper can
be serviced as an important development.

In order to get more excellent behaviors, new flow
channels are usually adopted inMR dampers with an external
valve. Among them, a special channel in a bypass valve was
also developed by Hu et al. in 2007, shown in Figure 21
[69, 70]. Mainly including a nonmagnetic stainless steel tube,
a solenoid, and magnetic stainless steel spheres, the bypass

valve is connected with corresponding chambers through
tubes [69, 70]. �e solenoid or a coil is coaxially arranged on
the outer wall of a nonmagnetic stainless steel tube.�ese steel
spheres are arranged inside the tube at random, and the
magnetic flux lines generated by a solenoid will be passed
through steel spheres axially. Unlike the original channels,
MRF must be flowed through a path formed by spheres. Such
a path is typically narrow, irregular, and tortuous. �e yield
stress and viscosity of MRF are regulated by a magnetic field,
which is not parallel to the flow direction, thus producing the
damping effect between both sides of an external valve.

�erefore, compared with original structures, adopting
spheres or arranging other obstacles in an axial channel can
obtain more excellent characteristics. Following the same
consideration, three structures are proposed and analyzed by
McLaughlin, shown in Figure 22 [71]. In an external valve, a
coil is still located at the outer wall of a tube. Spiral channels
are arranged inside axial channels of the first and second
bypass valves, and a linear channel is adopted in the third one.
Of those, magnetic steel beads with 2mm diameter are also
adopted in the second one, and 3mm steel beads are arranged
in the third one. McLaughlin has suggested that the porosity
and tortuosity can be utilized to portray characteristics of
three dampers. Depending on the study, a larger porosity and
the smaller tortuosity are conducive to obtaining larger
damping range in spiral channels. However, such parameters
produce smaller equivalent damping force. In a bypass valve
with spiral channels and beads, the features of the porosity
and tortuosity are opposite to those of the damper only with
spiral channels. �e larger force will be generated, and the
damping range is equal to that of the third one.

�ere are other existing dampers with improvements in
axial channels of an external valve. Owing to the arrange-
ment in a bypass valve, the manufacturing and maintenance
are more convenient. �e coil is almost not limited by an
installation space, and the heat generated by the coil has little
effect on MRF. Changing the structure of a bypass valve, the
damper can be applied in different fields without other
redesign, which significantly simplifies the development
processes and reduces the cost of development. Usually,
valves in the damper body are utilized so that the damper
will be still operated in a passive mode if a bypass valve is in a
state of failure [9, 34, 72, 73]. However, an effective length of
damping channels is still limited in a miniature bypass valve.
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Figure 18: Schematic of bypass-type MR damper: 1, piston; 2,
MRF; 3, shaft; 4, bypass duct; 5, coil [33].
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Figure 19: Hydromechanical model of the compressible magne-
torheological strut: 1, chamber 1; 2, chamber 2; 3, tubing; 4, MR
valve [66].
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It is also difficult to arrange spiral channels and steel beads in
a relatively small space. �e large volume, an incompact
structure, and the space restriction will be protruding
problems if a larger bypass valve is adopted.

Overall, the wide damping range, large damping force,
high utilization of magnetic field, small volume, low cost,
scalability, low magnetic field intensity, low energy con-
sumption, as well as others cannot be achieved completely.
For further improving structure and characteristics in a
bypass valve, novel flow modes such as the radial and

circumferential flowmodes are introduced. Combining such
flow modes and external valves, representative structures
will be illustrated in Section 4.

3. Improvements of Magnetic Circuit

Expanding controllable regions in an axial channel, the
effective length of damping channel and magnetic field
intensity in partial channels can be properly increased. Such
a target can be also achieved by the improvement of the
magnetic circuit. Of those, mentioned in Figure 4
[35, 47, 48], Figure 7 [32, 51], and Figure 8 [49], dampers
with a multicoil structure and permanent magnets also can
be classified into this type. Magnetic isolating elements are
usually utilized to change paths of magnetic flux lines so that
more channels can be controlled. Almost, magnetic field
paths should be considered in all MR dampers. However,
these cylindrical coils with a rectangular cross section are
coaxially arranged on the outer wall of cylindrical elements.
Such a coil and its arrangement do not contribute to further
improving utilization of magnetic field and expanding a
damping range.

Utilizing a special arrangement and other shapes of coils
will obtain more controllable regions, which are different
from functions of a multicoil structure, permanent magnets,
and magnetic isolating elements. Of those, a damper with a
new magnetic flux path had been developed by Sassi et al.,
mentioned in Figure 23 [42]. In such a new structure, the
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Figure 20: Schematic configurations of the proposed MR shock dampers: (a) double-ended MR shock damper and (b) single-ended MR
shock damper. 1, MRF flow; 2, coil; 3, current source; 4, magnetic field; 5, MR valve; 6, MRF; 7, cylinder; 8, gas chamber; 9, piston-type
accumulator [68].
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Figure 21: (a) Schematic configuration of the porous bypass-type MRF damper with external coil and (b) schematic of bypass valve. 1, tube
and fittings; 2, bypass valve; 3, end block; 4, MRF chamber; 5, piston; 6, rod; 7, hollow set hex screw; 8, nylon washer; 9, nonmagnetic
stainless steel tube; 10, magnetic stainless steel spheres; 11, steel end cap; 12, copper solenoid; 13, steel mesh [69, 70].
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Figure 22: Bypass-type MR damper with external coil: 1, tube
fitting adapter; 2, stainless steel tubing; 3, tube fitting elbow; 4,
bypass; 5, seal; 6, end block; 7, MR fluid; 8, piston head; 9, piston
casing; 10, damper shaft [71].
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arrangement of coils is perpendicular to the axis of a damper,
which is similar to that in a bypass valve [68]. Magnetic flux
lines are radially passed through damping channels between
the shell and the inner housing. In axial channels, the flow
direction is perpendicular to magnetic flux lines. Almost, the
entire length of damping channels is controlled by the
magnetic field, which is obviously different from that of a
traditional damper. �erefore, controllable regions are up to
maximum under the limitation in sizes and axial channels,
and utilization of the magnetic field is also higher. In ad-
dition to above advantages, the distribution of the magnetic
field in the axial channel is likewise more uniform. �e
inductance of a coil and response time can be further
reduced.

For further concentrating the magnetic field on the fluid
gap and conducting magnetic flux, two pairs of magnetic
poles are usually adopted in this structure, shown in
Figure 23(b) [42]. It is verified from experiments that more
excellent behaviors can be achieved by eight independent
coils such as reducing current intensity, decreasing energy
consumption, and optimizing in a wider frequency domain
[34, 42].

However, the effective length of a damping channel is
still limited because it is also determined by an axial
channel type and sizes, and a special arrangement cannot
break through the maximum axial length. Moreover, the
complexity and difficulty in the arrangement are also
increased.

In addition to a special arrangement of a coil, the ef-
fective damping channel can be expanded by changing the
cross-sectional shape of a coil. �e original coil with a
rectangular cross section and a coaxial arrangement will
limit the effective length of a damping channel since a region
with the same height of a coil is almost not influenced by the
magnetic field. A coil with a trapezoidal cross section can
solve such a problem partially. For example, a damper with
this coil was proposed by Nehl et al. [32, 81]. As illustrated in
Figure 24 [32, 81], a trapezoidal coil is perpendicularly in-
stalled in a piston, and the partial width is embedded in the
inner core. Owing to such a coil and the arrangement, a
region with the same height of the coil will also be controlled
by the magnetic field partially. �erefore, compared to an

original structure, this damper is a better one in view of
effective channels and damping range.

However, these dampers including above two structures
are limited to short axial channels. It is not possible to greatly
expand damping range and apply them in wider fields of
vibration control.

4. Improvements of Damping Channels

In addition to dampers mentioned in Figure 15 [62],
Figure 20 [68], Figure 21 [69, 70], and Figure 22 [71], the
position and number of coils in above structures as well as
other existing structures are widely considered for im-
provement of damping characteristics, and flow channels
and the magnetic circuit are not considered too much,
which is one of the main methods for the adjusting
damping range. �ere are other methods for adjusting
damping characteristics. Of those, the number and shape
of axial channels as well as other flow modes are one of
the main methods for further development of MR
dampers.

4.1. Structures with Asymmetrical Damping Force. Without
additional flow channels and one-way valves, the viscosity of
MRF is controlled in a rule axial gap or cylindrical holes,
which will produce symmetrical damping force whether
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Figure 23: (a) Flux intensity and directions in new MR damper. (b) Flux intensity and directions for four magnetic poles configurations. 1,
core; 2, shell; 3, flux lines; 4, fluid gap; 5, inner housing; 6, coil; 7, magnetic flux; 8, magnetic poles; 9, sheet core [42].
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Figure 24: MR piston assembly with a trapezoidal coil: 1, poles; 2,
coil; 3, inner core [32, 81].
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the damper is in a stage of rebound or compression. Such
symmetry is not properly applied to some fields, especially
not satisfying the requirement of vehicle stability and ride
comfort. For suspension systems of a vehicle, a damping
force in a rebound stage should be 2-3 times of com-
pression damping force [82]. �erefore, for obtaining
obvious asymmetry, a damper had been suggested by
Oliver [82].

Shown in Figure 25 [82], a coil is still installed in a
groove of a piston, and the difference of viscosity is ad-
justed in the first flow passageway, which is the same as
those of traditional dampers. Unlike traditional ones,
another valve assembly is coaxial arranged outside the
controllable flow channel. �erefore, in the rebound stage,
most of the fluid in a rebound chamber is flowed into the
compression chamber through the controllable channel,
and the viscosity in regions where the magnetic flux lines
are perpendicular to them can be actively adjusted. Partial
fluid is flowed to the compression chamber through outer
notches of the orifice disc and second flow passageway.
During a compression stage, the fluid will deflect spring
and pass through the second flow passageway as long as
force generated by the pressure difference at both ends of a
piston exceeds the pretightening force of spring, which
will reduce the compression damping force to some
extent.

Actually, mainly adjusting viscosity in the first flow
passageway, damping characteristic of a rebound stage can
be achieved. Compression damping force is controlled by
the viscosity in the first flow passageway and flow behavior of
the valve assembly. Adjusting thickness of spacer, different
damping characteristics will be obtained. However, the
range of damping force is very limited, and it cannot be
widely matched in different vehicles or fields.

In addition to this damper, many structures including
Figure 14 [57, 58], Figure 15 [62], Figure 16 [45], and others
adopt one-way valves or additional flow channels in piston
valves and foot valves so that the asymmetrical characteristic
of a damper can be obtained more or less. �e related
structures are shown in the previous or subsequent sections,
and a summary will not be carried out.

With asymmetrical damping force, another damper is
shown as Figure 26 [83]. In the improved damper, two coils
are coaxially arranged in grooves of a piston. �e viscosity is
still controlled in the axial channel, and active adjustment of
damping force is the same as that of a traditional damper.
Significant variations in damping behavior occur as a result
of tapered annular flow channels. Under the same flow rate
or piston speed, the pressure drop from the wider section of
the gap to the narrow section of the gap should be different
from that of an opposite flow. �erefore, damping force of
different working stages may be obviously different.

Although these dampers including other shapes of
axial channels will produce asymmetrical damping force,
the structure of damping channels must be redesigned
for specific occasions. Moreover, there is no break-
through in the technical limitations of the traditional
structures, and the development and application should
be very limited.

4.2. Additional Passageways without Magnetic Field. Not
considering additional passageways and only controlling
damping force in axial channels, a step damping force is
present in a traditional damper, which reduces ride comfort
[84, 85]. �e pressure may be suddenly fluctuated as a result
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Figure 25: MR piston assembly with bypass valving: 1, first end
plate; 2, coil; 3, core; 4, magnetic flux; 5, shell; 6, first flow pas-
sageway; 7, second end plate; 8, compression chamber; 9, openings;
10, valve seat; 11, orifice disc; 12, valve plate; 13, spring; 14, spacer;
15, retaining ring; 16, rebound chamber [82].
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Figure 26: Schematic of the MR damper with tapered MR valve: 1,
rod; 2, cylinder; 3, piston; 4, compression chamber; 5, tapered MR
valve; 6, coils; 7, rebound chamber [83].
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of variations of exciting currents, thus bringing evident noise
in a damper [86]. Under extreme conditions, the maximum
yield stress will be obtained in an axial channel as long as a
current is large enough. �e abnormal operation of an MR
damper will occur due to such a behavior [51].

For overcoming the above defects, passageways not
controlled by magnetic fields are added in a damper, shown
in Figure 27 [86]. �e fluid in original channels is still
controlled by the magnetic field or input currents. Free flow
in bypass holes can be successfully achieved. �e sudden
fluctuation of pressure can be effectively reduced by such an
additional flow. In low-velocity regions, the effect of the
additional flow has been reflected through reducing the
slope of the force-velocity curve, which effectively limits
damping force at low speed and extends a damping ratio
[21, 84, 87]. �e maximum damping force is almost not
influenced by the additional flow. �erefore, adopting this
damper, a suspension system can further improve the ride
comfort of a vehicle [21, 87].

4.3.More Channels Controlled byMagnetic Field. In order to
improve damping characteristics of traditional dampers, two
or more axial channels are arranged in a piston. Of those,
portrayed in Figure 28 [88], a damper with three annular
flow gaps had been developed by Namuduri et al. [88]. In
addition to three annular gaps, three magnetic flux rings are
coaxially installed in a piston. A magnetic isolation device,
the so-called magnetic flux barrier, is installed in the first and
secondmagnetic flux rings, respectively, so that themagnetic
flux lines must be passed through all of the three channels. It
is readily concluded that controllable regions can be evi-
dently increased. Combining a special piston, the damping
ratio of this damper may be greatly expanded, especially
ensuring more excellent damping characteristics at low
speed [88].

Another damper with two annular gaps was proposed by
Bai et al., shown in Figure 29 [89]. In this special structure, a
permanent magnet is installed in a region between the upper
and lower inner cylinder. Generated by the permanent
magnet, magnetic lines form a close loop through the bobbin
core, inner annular gap, inner cylinder, outer annular gap,
and magnetic flux return. �e magnetic field produced by a
coil will counteract that of the permanent magnet as long as
the input current is negative, thus reducing the damping
effect. Utilizing positive current, the magnetic field of an-
nular gaps can be enhanced because of the superposition of
two fields. �erefore, in a larger velocity-controllable range,
the dynamic force range will be extended greatly, and the
ability of mitigating shock and vibration may be further
improved. A large damping force can be achieved even if the
exciting field is invalid, thus ensuring normal operation of a
damper [89]. Actually, this failure protection is a function of
the permanent magnet, and it is the same as that of other
dampers shown in Figure 7 [32, 51] and Figure 8 [49].

�ere may be other dampers with more annular gaps. All
of these structures effectively expand controllable regions
and increase ranges of damping force to some extent.
However, the viscosity is adjusted in axial channels, and coils
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Figure 27: Cross-sectional view of a piston portion of a MR
damper with bypass hole: 1, piston rod; 2, main holes; 3, end part; 4,
the first core; 5, electromagnetic coil; 6, the second core; 7, bolts; 8,
bypass hole; 9, flux ring; 10, coil assembly; 11, annular main
clearance [86].
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Figure 28: Cross-sectional view of MR damper including multiple
flow gaps: 1, rod; 2, first end plate; 3, first annular flow gap; 4,
second annular flow gap; 5, third annular flow gap; 6, pole pieces; 7,
second end plate; 8, coil; 9, third flux rings; 10, magnetic flux
barriers; 11, second flux rings; 12, first flux rings; 13, piston core
[88].
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are still installed in grooves of a piston, which will not
overcome limitations such as the effective length of damping
channels, utilization rate of magnetic field, maximum
damping force, and damping ranges. Moreover, for
expanding damping ratio, a large amount of optimization
analysis for structural sizes is necessary and the development
cost will be increased [32, 84]. �erefore, these dampers are
also transition products, and the progress is still limited.

4.4. An MR Damper with Bifold FlowMode. Still controlling
fluid viscosity in axial channels, an MR damper with bifold
flow mode is reflected in Figure 30 [90]. An outer gap, inner

gap, and feedback holes are arranged in a piston.�e fluid in
one side of the working chamber will be first flowed into an
inner gap by holes in the piston cover, an outer gap, and a
feedback hole. �e fluid in the inner gap is then flowed to
another side of the chamber through a feedback hole, an
outer gap, and another hole in the piston cover.

First passing through the inner gap, outer gap, and
outside of the piston, the magnetic flux lines are then formed
closed loops by another outer gap, inner gap. �erefore,
combining the flow path and the magnetic circuit, the fluid
in feedback holes is not controlled by the magnetic field.
Compared to a traditional damper, the effective length of
damping channels and the utilized rate of magnetic field can

1

2

3

4

5

6

7

8

9

(a)

3

4

1

6

7

10

11

12

(b)

Figure 29: Schematic view of the bi-annular-gap magnetorheological energy absorber: (a) structural principle and (b) 3D drawing. 1, piston
rod; 2, damper cylinder; 3, inner annular gap; 4, outer annular gap; 5, magnetic flux return; 6, permanent magnet; 7, electromagnetic coil
winding; 8, inner cylinder; 9, bobbin core; 10, MRF chamber; 11, gas chamber; 12, rubber accumulator [89].
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be enhanced. However, controllable regions are difficult to
further expand, and the damping range is still limited.
Moreover, although the structure is more compact, there are
obvious difficulties in manufacture and heat dissipation,
thus limiting its application.

4.5. Radial Channels Controlled by Magnetic Field. In ad-
dition to a structure mentioned in Figure 15 [62], the vis-
cosity is adjusted in axial channels. Owing to controllable
regions in axial gaps and limitation of sizes, the damping
range, utilization rate of magnetic field, manufacture and
heat dissipation, magnetic field intensity, energy con-
sumption, and application fields are restricted, which are
more or less reflected through dampers in the above sections
as well as traditional ones.

Changing the axial flow mode can promote the devel-
opment of MR dampers. As one of the innovations, the radial
flow mode has been developed rapidly in recent 10 years. Of
those, adopting a radial flow mode, a control valve in a
damper is shown in Figure 31 [80]. Two composite pas-
sageways are symmetrically located at regions between the
inlet and outlet, and each passageway is composed of two

radial channels and an axial channel. �e fluid from the inlet
is first divided into two parts, and each part is then flowed
through the respective radial channel of the lower end, an
axial channel, and the radial channel of the upper end. Finally,
two parts of fluid from radial channels of the upper end return
to the outlet. Achieving a separate flow and a converging flow,
this damper is usually serviced as single-stage type.

Coaxially arranging a coil and a magnetic isolation ring
in a groove ensures that most of the magnetic flux lines form
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Figure 30: (a) 3D drawing of magnetorheological damper featuring bifold flow mode. (b) Flow channel of MR fluid. 1, piston cover; 2,
magnetic core; 3, coil; 4, seal ring; 5, outer piston; 6, inner piston with rod; 7, bobbin; 8, MR fluid; 9, damper housing; 10, inner gap; 11,
feedback hole; 12, outer gap [90].
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Figure 31: Cross-sectional view of MR valve with radial gap based
on single-stage flow mode: 1, magnetic isolation ring; 2, magnetic
coil; 3, magnetic flux; 4, radial gap [80].
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closed paths through radial gaps. Combining the series of
radial gaps, the effective length of a controllable channel can
be expanded greatly. Owing to the long damping channels,
the enough damping force is also produced even if the
exciting current is suddenly interrupted, thus presenting
normal operation of MR dampers. Utilizing single-stage or
multistage structures can greatly expand the maximum
damping force. Without magnetic field, a smaller damping
force also can be achieved as long as the height or width of
these channels is appropriately increased. .erefore, the
damping range of these dampers can be very large. In ad-
dition to main advantages, the coil turns, magnetic field
strength, excitation current, and energy consumption can be
relatively reduced, and these dampers are more versatile in
different fields.

Following similar principles, a damper with single-stage
flow mode was also proposed by Aydar in 2010, shown in
Figures 32(a) and 32(b) [91]. Unlike the structure mentioned
in Figure 31 [80], two coils and a permanent magnet are
adopted in this damper so that the magnetic field strength in
radial channels can be further enhanced, thus expanding a
damping ratio.

In fact, structures mentioned in Figures 31 [80] and 32
[91] can be arranged inside a damper or outside the body of a
damper..e specific layout depends on other considerations
such as the manufacture, heat dissipation, volume, cost, etc.
For example, a controllable valve with three-stage radial
mode had been proposed by Imaduddin et al., shown in
Figure 33 [74–76]. For ensuring most of the magnetic flux
lines through all of the radial gaps, the coil bobbin is
magnetically insulated, and the core and casing are com-
posed of high permeability materials. .e small valve is
arranged outside of the body of a damper, and the excellent
damping characteristic is successfully obtained. However,
the maximum force of this damper will not be very large
because of limitation in sizes and stages. In order to obtain
larger damping force, more stages can be adopted. Of those,
arranging multistage radial gaps outside an inner cylinder, a
damper with heavy damping force was developed by Liao
et al. [92].

As is pictured in Figure 34 [92], sixteen inner annular
baffles are coaxially arranged on the outer wall of an inner
cylinder, and fifteen outer annular baffles are located at the
inner wall of a middle cylinder. Resulting from such an
alternate arrangement of baffles, two damping channels are
determined. In each one, thirty-two radial channels are in
series with thirty-one axial channels. An excitation coil is
wound outside the outer wall of the middle cylinder, and its
magnetic flux lines are perpendicularly passed through the
fluid of all radial gaps, thus adjusting damping force of this
damper [92]. In theory, most of the magnetic flux lines are
passed through radial channels, and the utilized rate of the
magnetic field is higher. Combining very long channels, the
maximum damping force can be very large and the mini-
mum one will be also relatively large. .erefore, adopting so
many radial channels and a symmetrical structure, this
damper is generally applied to vibration control of large
damping requirement such as a high-speed train. In addition
to above advantages, the magnetic field and input current

will be weak as long as damping force requirement is not
very large, thus further reducing coil turns and energy
consumption. .e application for different occasions will be
achieved by a flexible arrangement of radial channels.

However, the arrangement of this damper also brings
obvious difficulties in volume, coils, manufacture, and heat
dissipation. In order to overcome such problems, an im-
proved damper was also developed by Liao et al., shown in
Figure 35 [77]. In this damper, a bypass valve withmultistage
radial flow mode is installed outside the body of a damper,
and the inlet and the outlet are, respectively, connected with
the compression chamber and the rebound chamber. .e
viscosity in radial channels is still regulated by magnetic field
of a coil, and large damping effect can be obtained by a weak
excitation current. At a given current of 0.7 A, the damping
force is up to 20 kN [77]. Owing to the very large damping
force and a weak current, the limitations in application and
control sensitivity are still oblivious. Moreover, the non-
linear hysteresis phenomenon mentioned in the existing
literature is very prominent. Although this damper may
represent future trends because of the radial flowmode and a
bypass valve, the damper based on radial flow mode needs
more research and development.

It is readily concluded from the above two dampers that
too many radial channels will greatly limit the application in
different fields. Only adjusting currents, these dampers do
not generate wide damping range from small damping effect
to a very large one.

Still considering the advantages of a radial flow mode
and a bypass valve, a damper in a suspension system of a
high-speed train had been designed by Guo et al., shown in
Figure 36 [28, 93]. One-way valves in a piston and the foot
valve are helpful to form a flow along a single direction. .e
fluid must flow through radial channels of the bypass valve
whether the damper is in a stage of rebound or compression.
A coil is arranged in the bypass valve, and the magnetic field
of it determines a closed path through the magnetic guide
cylinder, first magnetic guide plate, core, and second
magnetic guide plate. Two regions between the magnetic
guide plates and the core are controlled by the magnetic
field. .erefore, flowing through the radial channels, the
viscosity in them will be adjusted [93]. Only adopting one-
stage radial flow mode, this damper obtains relatively large
damping force. .e experimental results have demonstrated
that the damping force is up to 9 kN under an exciting
current of 1.6 A [28].

.ere are other structures with radial flow channels.
Almost all of these dampers bring significant improvements in
expanding effective lengths of damping channels and en-
hancing utilization of magnetic field. .e damping range can
be expanded by increasing the overall length of radial channels
and changing height of radial gaps. Especially, the damping
range can be adjusted by different stages. However, too many
radial channels and more stages will increase the volume,
which will bring difficulty in a limited space. Combining to
large damping force, these dampers are usually adopted in
aseismatic buildings, trains, heavy machinery, bridge, etc.
After sufficient optimization, it is possible to apply them in
medium or small damping fields. According to the above
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structures and others, combining a radial flow mode and a
bypass valve, a damper can readily achieve the requirement of
different damping range.�e arrangement outside the body of
a damper will bring other advantages such as the volume, cost,
heat dissipation, flexibility, asymmetry, extendibility, energy
consumption, etc. �erefore, a damper with radial flow mode
in a bypass valve represents one of the future developments.

4.6. Radial and Axial Channels Regulated by Magnetic Field.
As is mentioned in Section 4.5, the flow direction of axial
channels is parallel to the magnetic flux lines. �e fluid in
axial channels is almost not influenced by the magnetic field.
�e controllable regions will be further expanded if the fluid
in axial channels is also governed by the magnetic field.
Achieving such a target, greater advantages will be con-
centrated on a damper such as further expanding damping
force, reducing overall length of channels, limiting stages
and volume, decreasing magnetic field intensity and input
current, consuming less energy, etc.

Considering these advantages, a novel MR valve was first
developed by Ai et al. [94]. As shown in Figure 37(a) [94],
both axial and radial passages are under control of the
magnetic field. Sufficiently optimizing currents, wire di-
ameter, and structural parameters, an improved damper

with more excellent behavior is shown in Figure 37(b)
[95, 96]. Factly, shown in Figures 37(a) and 37(b), such
an original structure and its optimized one have been uti-
lized in the position of number 22 given in Figure 37(c). In
2009, Wang et al. [97] had verified that damping charac-
teristics with two flow modes are evidently superior to those
of one flow mode. �e pressure drop in radial channels is
greater than that of axial channels. �is verification may
serve as a basis for development.

Also following two flow modes, an MR valve inside a
piston is shown in Figure 38 [98]. As shown in Figure 39(a)
[99], a valve combining the radial and axial gaps was also
proposed by Hu et al. [99].�e gap between the outer wall of
a magnetic plate and the inner wall of the valve body is
serviced as an axial channel, and another gap in series with
the axial channel is a radial channel. �e magnetic flux lines
establish a closed path through the valve core, radial gaps,
magnetic plate, axial gaps, and valve body, shown in
Figure 39(b) [99]. �erefore, all of the radial and axial
channels are controlled by the magnetic field. Factly, bypass
valves of diverse dampers shown in Figures 32(b), 33(b),
35(a), 36(a), 37(c), and others can be replaced by this
structure, and the damping characteristics will be improved.

�e radial flow mode including two modes has pre-
sented great advantages such as a longer length of damping
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Figure 33: (a) Schematic view of the MR valve with a meandering flow path [74, 75]. (b) Photograph of bypass MR damper concept with
meandering type valve. 1, casing; 2, electromagnet coil; 3, core; 4, coil bobbin; 5, meandering path [76].
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Figure 32: (a) Schematic of the two-wayMR fluid damper. (b) Schematic view of theMR valve with the permanent-electromagnet system. 1,
permanent magnet; 2, MRF valves; 3, electromagnets; 4, damper; 5, piston; 6, accumulator; 7, two-way MR fluid valve [91].
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channel and larger damping force. In order to benefit from
such characteristics and apply them in different fields, an
adjusted device for multistage channels is necessary.
Depending on this requirement, adopting a modularized
concept, a novel damper with an adjusted device was
designed by Ichwan et al. [100]. Pictured in
Figures 40(a)–40(c) [100], the structure and damping force
of this damper can be changed by increasing or reducing
the number of stages. �e adjustment can be readily

achieved by unscrewing the nut, changing stages of
channels, and retightening the nut. �e additional device
and its regulated method will provide obvious advantages
in the cost, maintenance, and application [100]. However,
for avoiding the leakage of magnetic flux, a washer is
usually installed in a region between two valves, which will
lead to an inevitable air gap between two valve casings, thus
affecting damping characteristics [100]. Moreover, for
obtaining a specific path of the magnetic field, magnetic
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Figure 35: (a) Schematic view of bypass-type MR damper based on multistage radial flow mode. (b) Schematic view of MR valve. 1,
hydraulic cylinder; 2, MRF; 3, MR valve; 4, piston rod; 5, core; 6, steel cylinder; 7, coil; 8, magnetic flux line; 9, end cap [77].
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Figure 34: Schematic view of double-endedMR damper based onmultistage radial flowmode: 1, upper cover; 2, first magnetic ring; 3, inner
cylinder; 4, inner annular baffle; 5, outer cylinder; 6, outer annular baffle; 7, coil; 8, secondmagnetic ring; 9, middle cylinder; 10, lower cover;
11, magnetic flux lines [92].
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isolating elements are needed, further increasing difficulties
in manufacturing and assembling.

In addition to above behaviors of these dampers, an
uneven distribution of the magnetic field in different types of
gaps is inevitable. �e magnetic field intensity of a radial gap

will be first saturated, and pressure drop of a radial channel is
larger than that of an axial gap. For solving such an uneven
phenomenon, establishing a serpentine-flux path of the
magnetic field in axial channels, the improvement was
achieved by Fatah et al. [80].

87

2

1

4

3

5

6

9 10

(a)

11

12

13

14

15

16

17

18

19

(b)

20

21

22

(c)

Figure 37: (a) �e structure of an MR valve with annular and circular disk-type fluid flow resistance gaps [94]. (b) MR valve with both
annular and radial flow path [95, 96]. (c) Schematic of an MR fluid damper [94]. 1, magnetic cylinder; 2, circular disk-type flow resistance
gap; 3, valve core; 4, induction coil; 5, nonmagnetic bobbin; 6, annular flow resistance gap; 7, nonmagnetic washer; 8, nonmagnetic pin; 9,
magnetic circular disk; 10, magnetic flux; 11, nonmagnetic head cover; 12, valve housing; 13, valve core; 14, magnetic disk; 15, cap; 16, coil;
17, nonmagnetic pin 1; 18, nonmagnetic washer; 19, nonmagnetic pin 2; 20, MR fluid; 21, accumulator; 22, controllable valve.
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Figure 36: Schematic view of the twin-tube and bypass MR damper based on radial flow mode: 1, piston rod; 2, rebound chamber; 3, piston
valve; 4, compression chamber; 5, oil reservoir; 6, foot valve; 7, connecting tube; 8, outlet; 9, first magnetic guide plate; 10, magnetic flux; 11,
magnetic guide cylinder; 12, coil; 13, core; 14, second magnetic guide plate; 15, inlet [28, 93].
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�e magnetic isolating elements, the so-called non-
magnetic rings, and disks are utilized to change the original
paths of magnetic flux lines. According to different numbers
of nonmagnetic rings and disks, the one-step serpentine-flux
valve and two-step type are mentioned in Figures 41(a) and
41(b) [80]. Evidently, such a path increases the effective
length of a damping channel and enhances the magnetic
field intensity in the axial channel. �e adjustment in radial
gaps will be reduced, and the whole flux density will be
further decreased because of a longer path. �ese

characteristics will be more obvious with the increase of
thickness of nonmagnetic rings [80]. Owing to its charac-
teristics, such a structure can be utilized in pistons and
bypass valves.

Overall, including two flow modes and magnetic iso-
lating elements, the effective damping channels are ex-
panded, and an uneven distribution of the magnetic field
can be reduced to some extent. However, there are two
negative aspects. One is the limitation in further im-
provement of damping force because of a long magnetic
path or a larger thickness of rings. Other is difficulty in
processing, filler, connection technology, cost, etc.
�erefore, these structures, especially utilizing more-step
serpentine-flux valve, should be considered according to
the above factors.

4.7. Circumferential Channels Governed by Magnetic Field.
Servicing as an innovative development, a circumferential
flow mode is likewise proposed by Yuan [101]. In this mode,
the fluid is flowed through one or more circumferential
channels with a rectangular section. Almost all of the
magnetic lines are just perpendicular to the flow direction in
a circumferential channel. �eoretically, the distribution of
magnetic field in a circumferential channel is almost uni-
form. �e entire perimeter is an effective damping length.
�e effective damping channel can be greatly expanded even
if a circumferential channel is not large, especially adopting
multistage circumferential channels in series. Utilizing a
damper with this flow mode, the maximum damping force
can be very large. Only using a circumferential channel, a
small damping force also can be obtained if height of a
channel is increased properly. Owing to a long damping
channel, the coil turns, excitation current, magnetic field
intensity, and energy consumption can be further reduced if
the damping requirement is not very large. �erefore, a
damper with this mode can be widely matched in different
fields of vibration control.

Following the above considerations, a damper in a
suspension system of a vehicle is suggested by Yuan [101]. As
is mentioned in Figure 42 [101], a coil is arranged on the
outer wall of an outer tube, and three-stage circumferential
channels are coaxially located at a region between the inner
and outer tubes. An annular magnetic element, the so-called
ferromagnetic core, is arranged on the upper and lower wall
of a channel. A through-hole in a ferromagnetic core is in
series with another hole in the wall of a channel. Shown as
Figure 42(c) [101], in a rebound stage, the fluid in a rebound
chamber is flowed into the first circumferential channel
through the corresponding holes. �e fluid from the upper
hole of the channel is then divided into two parts. Each one
will be delivered to the lower hole of the channel along the
respective semi-circumference. Further flowing through the
second- and third-stage channels, the fluid is successfully
returned to a compression chamber. Under a compression
stage, the flow direction is opposite and the principle is the
same as that of a rebound stage. Combining the magnetic
flux path mentioned in Figure 42(b) [101], a very large
damping force can be obtained, and the utilized rate of the
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Figure 38: �e 3D drawing of annular radial-duct MR damper: 1,
circular disk; 2, central hole of core; 3, core; 4, core cylinder; 5,
piston unit; 6, exciting coil; 7, magnetic flux; 8, positioning pin; 9,
positioning disk; 10, MRF; 11, floating piston; 12, accumulator; 13,
washer; 14, radial duct; 15, annular duct; 16, diversion hole; 17,
piston rod [98].
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magnetic field will be very high. Without magnetic field, a
smaller damping force is also obtained by an additional flow-
through hole with proper diameters in a piston. Moreover,
such an additional flow will effectively limit very large
damping force if flow in circumferential channels and a
control strategy are just failed.

Overall, a damper shown in Figure 42 [101] can generate
wide damping range and greatly enhance utilization of the
magnetic field. However, the arrangement of damping
channels inside a damper also brings obvious limitations in
manufacturing and assembling, heat dissipation, expansi-
bility without redesign, etc.
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Figure 39: (a) Configuration of theMR valve. (b)�e simplifiedmagnetic circuit of the proposedMR valve. 1, left head cover; 2, flow-guided
plate; 3, screw; 4, magnetic plate; 5, washer; 6, fixed plate; 7, valve body; 8, excitation coil; 9, valve core; 10 right head cover [99].
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Figure 40: Illustration of the MR valve component. (a) Module’s cross-sectional view, (b) exploded view, and (c) schematic of double rod
hydraulic cylinder. 1 coil bobbin; 2, valve casing; 3, disc holder; 4, orifice core; 5, disc core; 6, bolt 2mm; 7, fluid gap; 8, coil; 9, bolt 6mm; 10,
1st stage module; 11, flange; 12, 2nd stage module; 13, cap; 14, nut; 15, double inlet port; 16, monotube cylinder; 17, piston; 18, rod [100].
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Figure 41: Schematic view of MR valve with serpentine-flux path. (a) One-step serpentine-flux valve. (b) Two-steps serpentine-flux valve. 1,
nonmagnetic rings; 2, nonmagnetic disks; 3, core; 4, coil separator [80].
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Figure 42: Schematic diagram of MR damper based on multistage circumferential flow mode: 1, piston rod; 2, upper end plate; 3, upper
retaining plate; 3a, sealing and rod guiding; 4, inner tube; 4a, the first hole; 5, chuck; 5a, the second flow hole; 5b, the third flow hole; 6,
ferromagnetic core; 6a, the fourth hole; 7, circumferential channel; 7a, the fifth flow hole; 8, outer tube; 8a, end magnetic core; 9,
electromagnetic coil; 10, magnetic cylinder; 11, housing; 12, supporting cylinder; 12a, the sixth flow hole; 13, the moveable wall; 14, lower
end plate; 15, nozzle; 16, piston; 16a, through-hole; 17, rebound chamber; 18, compression chamber; 19, gas chamber [101].
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Considering advantages of a circumferential flow mode
and overcoming defects of the arrangement inside a damper,
a novel damper was also invented by Yuan [78]. Portrayed in
Figure 43 [78], this damper contains a damper body and an
external valve. .e damper body mainly includes an inner
cylinder, an intermediate cylinder, an outer cylinder, a
piston valve assembly, a foot valve, guiding components, and
a piston rod, all of which are the same as those of passive
dampers. Significant difference occurs in operation way of
the piston valve assembly and the foot valve. In a traditional
damper, a tension valve in the piston valve must be easy to
open so that the fluid will be flowed through it in a rebound
stage and the compression valve of the foot valve is also
opened under enough pressures in the compression stage.
However, two valves will not be opened under a normal
pressure, mainly providing a function of overloading pro-
tection. Other two valves, a flow valve in a piston and a
compensation valve of the foot valve, are readily opened. All
of the valves in the piston and foot valve are one-way valves,
and the structures are almost the same as those of passive
dampers. Under a rebound stage, the fluid in the rebound
chamber is first flowed into an intermediate chamber by a
through-hole of the inner cylinder. .e fluid from the in-
termediate chamber is then returned to the compression
chamber through an external valve, the reservoir, and a
compensation valve. In a stage of compression, the fluid in
the compression chamber can be easily entered into a re-
bound chamber by a flow valve, and the fluid is then flowed
through a through-hole, the intermediate chamber, an ex-
ternal valve, and the reservoir.

Adopting these valves and a three-cylinder structure, the
flow with a single direction is obtained so that most of fluid
will be passed through an external valve. .erefore, active
adjustment for viscosity can be achieved in an external valve.
As is shown in the enlarged diagram of the external valve,
two-stage circumferential channels are utilized, and the flow
in circumferential channels is the same as that mentioned in
Figure 42 [101]. Circumferential channels are arranged on
the inner wall of a magnetic isolating element, and a coil is
located at the outer wall of the magnetic isolating element.
Shown as red dash lines, magnetic flux paths can be achieved
based on materials with suitable magnetic permeability,
especially adopting magnetic isolating material in the inner
and outer walls of circumferential channels. Combining
such a magnetic field and the flow direction, the fluid in
circumferential channels is just controlled by the magnetic
field, and the distribution of magnetic field intensity is al-
most uniform in a circumferential channel. In a very small
external valve, an effective length of a damping channel can
be expanded greatly, and the maximum damping force will
be very large, especially adopting more-stage channels. In-
creasing height of circumferential channels gets even smaller
damping force without magnetic field. .erefore, a damping
range will be quite wide.

In addition to such a main advantage, the damping force
in a compression stage can be lowered to some extent be-
cause of a flow valve in the piston valve, thus providing an
asymmetrical damping force. .e heat generated by a coil
has little effect in MRF, and a long reservoir in the outer side

is helpful to dissipate heat. Unscrewing the adjusting device,
the number of circumferential channels can be added or
reduced..erefore, the damper is possible to extend without
any redesign, and it can be matched in more fields of vi-
bration control.

.e cost of the damper is mainly determined byMRF, and
the miniature external valve has little influence in cost. Such a
valve can be flexibly arranged on the outer wall of the damper
body, and it can be applied in a limited space. Moreover, the
coil turns, magnetic flux density, and energy consumption
will be reduced as long as the damping force is not particularly
large.

Almost all of the expected advantages are concentrated
on this damper such as the wide damping range, high
utilization of magnetic field, asymmetry, extensibility, ex-
tensively matching ability, relatively low cost, small volume,
excellent heat dissipation, weak excitation of magnetic field,
low energy consumption, etc. .erefore, a damper with
multistage circumferential flow mode in a bypass valve may
represent one of further developments.

However, before entering an external valve, the fluid
must be flowed through a long path. Response time of this
damper will be increased to some extent. Only depending on
one bypass valve, it does not contribute to fast switching and
reducing its working load.

Considering these problems, the newest damper with two
external valves is designed by Yuan this year [79]. As is
mentioned in Figure 44 [79], the intermediate cylinder is
divided into two segments, and each one is matched with the
inner cylinder so that two intermediate chambers can be
obtained. .e upper and lower ones are, respectively, con-
nected to the first and second valves. A flow valve mentioned
in Figure 43 [78] is cancelled, and another one-way valve with
a compensation function is installed near the guiding as-
sembly. Other three valves inside cylinders are the same as
those of a dampermentioned in Figure 43 [78]. Owing to such
a structure, fluid in a rebound chamber will be first flowed
into the upper intermediate chamber, and it is then returned
to the compression chamber through the first valve, the
reservoir, and a compensation valve in the foot valve. Under a
compression stage, the fluid in the compression chamber is
flowed into the lower intermediate chamber. Further flowing
through the second valve, the reservoir, and a compensation
valve near the guiding assembly, the partial fluid is com-
pensated to the rebound chamber.

Although the complexity and cost of this damper will be
increased, the more advantages are also concentrated on it,
especially achieving the independent and continuous control
of damping force. It is confident that it may be an excellent
damper representing a technical feature in future.

5. Conclusion

Reflecting through existing structures, the summary gives us
insight into structural development in three technical routes,
mainly considering positions and turns of coils, improve-
ment in the magnetic circuit and innovative flow modes.
Structural characteristics and their significant effects on
performance and others can be followed that:
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(1) Still controlling viscosity in a limited axial channel,
the damping ranges, and force will be expanded to
some extent due to different positions and turns of
coils, improvement of special magnetic flux paths,
and other methods. �e limitations in the damping
range and others cannot be completely overcome by
such structural changes.

(2) Adopting other flow modes such as the radial and
circumferential flow modes, a longer length of
damping channels can be obtained. Especially
combining radial or circumferential flow modes in
a miniature external valve, more excellent per-
formances can be achieved. �erefore, utilizing a
novel flow mode in a miniature bypass valve may
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Figure 43: Schematic diagram of MR damper combining with a multistage circumferential flow mode in a bypass valve: 1, guiding
components; 2, through-hole; 3, main cylinder; 4, piston rod; 5, outer tube; 6, rebound chamber; 7, intermediate tube; 8, reservoir; 9,
intermediate chamber; 10, piston valve; 11, compression chamber; 12, foot valve; 13, rubber bushing; 14, external valve; 15, magnetic
isolating element; 16, adjusting device [78].
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represent the latest structural and one of future
technologies.

(3) Overcoming the limitation in the application because of
a high costmainly determined byMRF, a future damper
should be operated in a way that a novel flow mode,
miniature bypass valves, and dual hydraulic systems are
concentrated on it. A very small amount of MRF is
utilized to regulate a flow channel of a conventional oil.
Reducing the amount of MRF and a cost of itself, such
excellent damperswill bewidely accepted bymore fields,
thus promoting technical development further.

Overall, combining future requirements such as longer
damping channel, high magnetic field utilization, larger

damping range, weak magnetic field excitation, smaller
volume, less energy consumption, better generality, and
lower costs, the future damper will be anticipated.
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