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Abstract: This paper has two main goals in the development of a novel flow-mode magnetorheological
brake (MRB): (1) produce a mathematical model of a flow-mode MRB and (2) predict the torque
density of the proposed MRB compared to the other type of MRB. In this design, the flow mode MRB
is made by screw pump to make the Magnetorheological Fluid (MRF) flow through the radial and
annular channel. The serpentine path flux is developed in the proposed MRB to make the annular
channel an active region as well. With the proposed design concept, the work of a pure flow-mode
serpentine path MRB can be accomplished. In this study, Finite Element Method Magnetics (FEMM)
is used to calculate the magnetic field applied to the active regions and analytical approach used
to obtain the output damping torque. The simulation results show that the magnetic fluxes flow
through the radial channel and annular channel as well. The radial and annular channel is activated,
which led to higher output damping torque. The mathematical modelling shows that the helical
angle of the screw pump significantly affects the damping torque. The results show that the output
damping torque density can be adjusted from 42.18 N/mm? in the off-state with 0 rpm to around
40,518.96 N/mm? at 20 rpm. The torque density of the proposed MRB is higher than the shear
mode MRB.
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1. Introduction

Magneto-rheological (MR) materials are classified as smart materials because they can change their
properties when subjected to a magnetic field [1]. MR materials comprise magnetic particles and its
matrics. MR Elastomer and MR Fluid (MRF) are examples of MR materials. MR Elastomer consists of a
magnetic particle and an elastomer such as waste tyre rubber [2] and natural rubber [3] as the matrics.
On the other hand, MRF has magnetic particles with liquid-phase matrics [4]. MRF can change its form
from liquid to gel and its properties when a magnetic field is applied to it [5]. Its viscosity doubles
when subjected to a magnetic field, due to the increase in yield shear stress [6]. MRF has received
much attention during the two past decades, as it has huge potential for daily needs application.

For example, MRF can be applied as MR seat suspension [7], MR clutch [6], muscular rehabilitation
device [8] and MR dampers [9]. MR dampers are classified as a semi-active damper, as they can control
the viscosity of MRF that will affect their stiffness. The stiffness of an MR damper will affect the amount
of force it can exert for damping.

A semi-active damper has a huge advantage over a passive damper. The viscosity of a semi-active
damper can be adjusted by means of the input current, which leads to a controllable output damping
force. Moreover, a semi-active damper has a larger dynamic range too [10]. A conventional viscous
damper contains fluid that helps the structure to dissipate the kinetic energy caused by the vibration
into heat energy, which leads to an increase in damping force. In particular, an MR damper is filled
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with MRF. When MREF is affected by magnetic field, the particles are arranged in a pattern and the fluid
behavior changes from being linear viscous to semi-solid in milliseconds [11].

In general, there are four basic working modes of MR dampers: the shear mode [12], the flow
mode [13], the squeeze mode [14], and a combination of the shear and flow modes [15]. The flow-mode
MR dampers use the MRF to make it flow through a channel where a magnetic field acts perpendicularly
to the direction of flow. The shear-mode MR dampers use a moving wall that moves perpendicularly
to the direction of the magnetic field, creating friction between the wall and the MRFE. The squeeze
mode uses a moving wall that moves parallel to the direction of the magnetic field.

MR dampers can be classified into linear MR dampers [16] and rotary MR dampers [17] based on
their mechanism and output. Linear MR dampers move on the translation direction and their output is
damping force. Rotary MR dampers move on the rotation direction and their output is damping torque.
Linear MR dampers have already been applied as vehicle shock absorbers [18], prosthetic knee [19],
and civil application [20], but the application of linear MR dampers on braking systems is difficult [21].
Moreover, linear MR dampers have some limitations, such as huge installation space [22] and restriction
of stroke because of the risk of buckling of the damper rod [23]. Therefore, many researchers focus on
developing rotary MR dampers to complete the research of MR dampers’ application.

In general, the research aims to optimize the performance of rotary MR dampers in shear
mode. The damping torque that can be produced by the shear-mode rotary MR dampers depends
on the structure of rotary MR dampers and plastics viscosity of MRF [23]. Shear-mode rotary MR
damper structures that have already been developed are drum type, disc type, and hybrid type [9].
Many researchers have investigated the optimization of a rotary MR damper. Huang et al. [24] studied
the drum-type rotary MR damper, which utilizes the surface area of annular gaps of MRF to generate the
output damping torque. Li et al. [25] studied the disc-type rotary MR damper, which utilizes the surface
area of radial gaps to produce the damping torque. Gerick et al. [26] proposed the serpentine path drum
type to increase the active region of the annular channel. Serpentine configuration optimizes the active
area of annular gaps, which leads to a higher output damping torque [27]. Hidayatullah et al. [28]
proposed a serpentine path T-shaped rotor rotary MR damper, which is a combination of the drum-type
rotary MR damper and disc-type rotary MR damper, in which the active surface area of MRF can be
increased to generate higher output damping torque.

However, shear-mode rotary MR dampers produce limited damping torque, because of the limited
yield shear stress that can be produced by MRF [21]. Flow-mode rotary MR dampers are not just
limited by the yield stress of MRF but also affected by the turning speed of the rotor. Based on that idea,
Yu et al. [21] proposed a helical flow rotary MR damper, which works in both shear and flow modes.
The result shows that the proposed helical flow rotary MR damper has a more compact structure than
the comparative shear-mode rotary MR damper. Based on the proposed rotary MR damper proposed
by Gurocak et al. [26] and Yu et al. [21], this paper introduces a flow-mode serpentine path rotary
MR damper. In this research, the damping torque that can be achieved by a flow-mode serpentine
path rotary MR damper would be predicted. Lastly, a comparison between the torque density of the
proposed rotary MR damper with another rotary MR damper was presented in the end of discussion.

2. Design of a Flow-Mode Serpentine Path Rotary MR Damper

2.1. Structural Design

For this rotary MR damper, two concepts are adopted in this study. The first concept is a helical
flow rotary MR damper model introduced by Yu et al. [21]. In helical flow construction, a screw pump
rotor is used to deliver the MRF through the annular channel. The construction also consists of another
channel that works on shear mode. The second concept is serpentine flux MRB (MR Brake) proposed by
Gurocak et al. [26]. Serpentine flux MRB achieves higher torque without increasing the size of the MRB
by broadening the active surface area of MRF with the magnetic flux [18]. Strategically, the magnetic
conductive material and non-magnetic conductive material configuration can bend the magnetic flux.
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The most common way to improve the performance of a shear-mode rotary MR damper is to
maximize the active area of MRF or to optimize the magnetic field that affect MRF [29]. Increasing
the magnetic field affecting MRF will lead to a higher yield shear stress, but it also will lead to larger
dimensions of rotary MR damper.

In this study, a flow-mode rotary MR damper with serpentine flux path was proposed.
The proposed rotary MR damper aims to improve the output damping torque by optimizing the
magnetic field density and the active area of MRE. Moreover, the idea of transforming the shear-mode
serpentine path rotary MR damper into a flow-mode serpentine path rotary MR damper was based on
the fact that flow-mode rotary MR damper output damping torque was not limited by the dimensions
of the rotary MR damper.

As shown in Figure 1a, the rotor uses screw pump and serpentine flux configuration. The orange
line shown in Figure 1 presents the magnetic flux path of the proposed rotary MR damper. The outer
part of the bobbin was made of non-magnetic materials to prevent the magnetic flux from entering the
bobbin. The rotor was also made of non-magnetic material, to prevent the magnetic flux from affecting
the rotor, because it will lower the magnetic field that affects the MRF.

Casing
Flux path
Bobbin
Rotor
Inner
cylinder
(@ (b)
Figure 1. Illustration of the proposed rotary magneto-rheological (MR) damper. (a) Cross-section view;

(b) exploded view.

Based on Figure 1b, the proposed rotary MR damper consists of four main parts, each corresponds
to the casing, bobbin, inner cylinder, and the rotor. The screw pump rotor is designed to push the MRF
to flow along the channel as shown by the blue line of Figure 1a. The inner cylinder is designed to be a
stator. For fixing the position of the inner cylinder, it will be pinned with the casing so it that remains
in that position. The coil winding to the bobbin will generate the magnetic field required to affect
the MRF.

The dimensions of the proposed rotary MR damper are 30 mm of radius with 25 mm of thickness.
The maximum current applied to the coils is 2 A. The properties of MRE-132DG, a list of parts for the
proposed MRB, and the dimensions of each part are shown in Tables 1-3, respectively.
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Table 1. Specification of MRF-132DG.

Property Value
Appearance Dark grey liquid
Viscosity, Pa-s 0.112
Density, g/ cm® 2.95-3.15
Solid contain by weight, % 80.98
Flashpoint, °C >150
Operational temperature, °C —40 to +130

Table 2. List of parts for the proposed rotary MR damper.

Part Type Material
Casing Magnetic Mild Steel
Non-Magnetic Bobbin Non-Magnetic Aluminium
Magnetic Bobbin Magnetic Mild Steel
Magnetic Inner Cylinder Magnetic Mild Steel
Non- Magnetic Inner Cylinder Non-Magnetic Copper
Rotor Non-Magnetic Aluminium

Table 3. Proposed rotary MR damper dimensions.

Parameter Symbol Value

Inner radius of screw Rp 5 mm

Outer radius of screw R4 7 mm

Radius of annular channel R 12 mm

Length of annular channel L 14 mm
Helical angle of screw 0 45°
Width of MRF gap d 0.5

2.2. Torque Analysis

Two components of total output damping torque are generated by the pressure drop caused by
the flow of MRF and the shear mode between the rotor and the inner cylinder. For the output damping
torque generated by the flow of MRE, it is needed to figure out the torque required to run the screw
pump. For the screw pump, the torque general equation is expressed in Equation (1):

T=Pxr 1)

where P is tangential force and r is the average radius of screw.

Figure 2 shows the free body diagram of the screw pump. It is known that the relation between P

and W is determined using Newton’s law. It is assumed that there is no friction between the screw

and the inner cylinder. So, it can be assumed that the N is zero. The relationship between P and W is
expressed in Equation (2):

PcosO—-Wsin0 =0

P=Wtan© @)

where,

_r
tan@—nd 3)
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Figure 2. Free body diagram of a screw pump.

Equation W is the load needed to be lifted by the screw pump. The value W can be found using
Equation (4):
W = APA, 4)

where AP is the total pressure drop caused by both annular channel and radial channel and Ay, is the
surface area perpendicular to the direction of AP. Assume that there is no infiltration due to the small
clearance between screw and inner cylinder, A, can be expressed as shown in Equation (5):

Ay =2 =) ®)

As shown in Figure 1, it can be seen that the proposed rotary MR damper consists of one annular
channel and two radial channels. Annular viscous pressure drop and yield pressure drop values are
expressed in Equations (6) and (7), respectively. Furthermore, radial viscous pressure drop and yield
pressure drop are expressed by Equations (8) and (9), respectively [30]:

6nQL
APyiscous annular = 7;—31{ (6)

ct(B)L
AP yield annular — d @)

6nQ . (R
APyiskos radial = J ln(R_(l)) (8)

ct(B)
AP yield radial = %(Rl —Ry) )
where 120
n
=207 10
¢ * 1200+ 0.87Ra?<(B) (10)
50, APyota) created on the proposed rotary MR damper is expressed by Equation (11):

APrtota1 = APyiskos annuiar + AP yield annular + Z(AP viskos radial T AP yield mdial) (11)

The yield shear stress of MRF can be predicted by using the Bingham model. Equation (12)
expresses the Bingham model [31].
0
t=1(B) + n% (12)

where 7 is the yield stress of MRE, 7(B) is the yield stress due to the magnetic field, and n% is the

yield stress when there is no magnetic field applied. However, the value of n% in this research can be
neglected, because of the low rotational speed of the proposed rotary MR damper.
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7(B) is T as magnetic field function. Every kind of MRF has different characteristics of yield
stress over the magnetic fields. In this research, MRF-132DG was chosen as the MREF. The relationship
between magnetic field and the shear stress of MRE-132DG is expressed in Equation (13) [28].

7 = 52.962B* — 176.51B° + 158.79B% + 13.708B + 0.1442 (13)

FEMM (Finite Element Method Magnetic) is used to identify the distribution of magnetic field
that affects MRF-132DG in both annular and radial channels. From the simulation result, the graphics
showing the distribution of magnetic field will appear; thus, the average magnetic field affecting each
channel could be calculated.

The proposed rotary MR damper uses a screw pump to deliver the MRE. Therefore, it is compulsory
to find the value of Q in the screw pump. Equation (14) expresses the value of Q, assuming there is no
infiltration between the screw pump and the inner cylinder, because of the relatively small clearance.

Q = Ay, (14)

Figure 3 shows the velocity polygon of the screw pump. Since it is needed to find out the value
of vy to determine the value of Q, it is compulsory to investigate the value of v,. The value of v, is
expressed by Equation (15):

Op = NyotorP (15)

where p is already defined by Equation (3).

p =mndtan 0 (16)

Figure 3. Velocity vector of screw pump.

From the modelling on Equations (1)-(16), the value of damping torque that can be produced by
the proposed rotary MR damper can be expressed as Equation (17) below:

61)(Myotord tan 6)71(1’30 - rZI)L
nd3R

T=( + (2,07

N 12(Hrotormid tan O) 1t ( "0~ dl)” 7(B)L
12(yotormd tan Q)H(rdo - dI)T] + 0.87tRd?7(B) d
2 2
Lo 61 (Myotormd tan Q)H(rdo - rdl)ln(&)

nd3 Ro (17)
+(2.07
. 12(nyotormid tan 6) n(r o~ ) 7(B) ®
— (R
12(1yot0r7d tan 6) ( o 7‘51)77 +0.8mRd21( d
dtan 0

—Ro)))m (do dI)T
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where T is the output damping torque, 1 is the viscosity, #1;,otor is the angular speed, p is the screw pitch,
740 is the outer radius of the screw, ry; is the inner radius of the screw, L is the length of annular region,
d is the gap width, R is the radius of annular channel, ©(B) is the yield shear stress of MRF, Ry is the
inner radius of radial channel, and R; is the outer radius of radial channel.

The rotor and the inner side of the inner cylinder were made of non-magnetic conductive material;
the magnetic field does not affect the MRF inside the rotor. Therefore, the output damping torque
generated by the shear mode can be neglected.

3. Magnetic Field Analysis

For determining the shear stress of MREF, it is essential to analyze the magnetic distribution of
the rotary MR damper. There are two methods to analyze the magnetic distribution of the model:
the analytic method and the finite element method. The analytic method is a simplified method to
obtain the magnetic field intensity. To predict the magnetic field, it is needed to determine the number
of magnetic fluxes produced by the coil. Equation (18) expresses the relation between magnetic field
and magnetic flux.

B = ¢/A cos x (18)

Here, B, ¢, A, and cos « represent the magnetic field, the number of magnetic fluxes, the surface
area, and the angle between the magnetic flux and the surface area, respectively. The number of
magnetic fluxes produced depends on the reluctances of the magnetic circuit, input current, and the
number of turns of the coil used. Equation (19) represents the electromagnet force equation.

YF = $ZR = NI (19)

Here, ¢, R, N, and I represent the number of magnetic fluxes, the magnetic reluctances, the number
of turns of the coil, and the input current, respectively. The value of magnetic reluctance is affected
by the distance that the flux passes through, the surface area covered by the flux, and the magnetic
permeability of each material. The reluctances of each material can be obtained by Equation (20).

R =L/pA (20)

The analytical method used a linearized approach in magnetic flux calculation. It often provides
serious error in prediction, as stated by Yu et al. [21]. To avoid this error, magnetic simulation using
a finite element method is then used for the more accurate prediction of magnetic flux. The FEMM
has been well known in magnetostatics modelling that has been used so far in magnetorheological
devices design. The main function of FEMM is to predict the magnetic flux density in the effective
area of braking. Here, the flux density is then used for calculating the shear yield stress of the MR
fluids at the on-state condition. Therefore, this simulation is very helpful for MRB torque calculation.
Although, it was realized that, in certain condition (for instance, the non-linear characteristic of
material), the magnetic computation sometimes results in a serious error, but it could be well managed
so far by the manual setting of the material characteristic during simulation.

In this research, FEMM was used to compute the distribution of the magnetic field that affects
both annular and radial channels with every variation of current input. The copper wire used in this
research was 24 AWG with 300 turns. The current input variation of this research was 0.25 A until
2 A with an increment of 0.25 A. In this model, MRF was flowing through a 0.5 mm gap. Of course,
to compute the distribution of magnetic field affecting the MREF, it is needed to create the whole model
of the proposed rotary MR damper.

FEMM simulation result is going to be used for identifying the magnetic flux path of the proposed
rotary MR damper. As presented in Figure 4, the magnetic conductive material and non-magnetic
conductive material configurations of the proposed rotary MR damper could bend the magnetic flux
path to create a serpentine path. The screw rotor and the inner part of inner cylinder were made of
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non-magnetic conductive materials, which forces the focused magnetic flux to bend towards the MRF,
leading the MRF gets to receive higher magnetic fields.
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Figure 4. Magnetic field distribution of proposed model.

Furthermore, the distribution of the magnetic field happening around the MRF channel must be
determined by extracting the result into a graphic. Figure 5 presents the graphic of magnetic field
distribution all around the gap. It shows the distribution of a magnetic field along the radial and
annular channels at every input current variation. The magnetic field result will be used to calculate
the yield stress of the MRF. The relationship between the yield stress and the magnetic field is already
expressed in Equation (13). Based on Equation (13), the higher the magnetic fields that affect the MRF,
the higher will be the yield shear stress.

From the simulation results, the magnetic fields that affect MRF are increasing with every
increasement of input current, as expressed in Equation (19). The maximum mean magnetic fields
that can be achieved is around 0.82 and 0.67 T in the radial and annular channel respectively at 2 A of
input current. It also shows that the magnetic field that affected the radial gaps are higher than that of
annular gaps. This caused the larger surface area of annular gaps compared with that of radial gaps.
So, the magnetic flux in the radial gaps is more crowded compared to the annular gaps, which led to a
higher magnetic field. From Figure 5, it is known that there are variations of magnetic field values in
each zone, the estimated shear stress will also be different. Therefore, the value of shear stress used in
Equations (6) and (7) will be different from that of Equations (8) and (9).
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Figure 5. Distribution of magnetic field along the channel.
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4. Performance Prediction

4.1. Damping Torque Prediction

Figures 6 and 7 present the damping torque prediction of the proposed rotary MR damper.
The damping torque prediction was calculated by Equation (17). The magnitude of damping torque is
improved by the impact of increasing angular velocity and current input variation, because the pressure
drop value will be improved by the yield shear stress increase, as expressed in Equations (6)—(9).
The improvement of output damping torque is different at each increment. Figure 6 shows the relation
between damping torque with the input current with constant speed. The output damping torque
is increasing with the increasement of input current. It is significantly caused by the yield pressure
drop is increasing with the increasement of the shear stress of MRF, as expressed by Equations (6)—(9).
It shows that there is a massive effect when the current input was increased from 0.25 to 0.5 A and 0.5
to 0.75 A, but the increment of output damping torque at higher current variation is not as huge as
lower current variation. This is because the magnetic field, generated by the higher current variation,
was not significantly changed at each variation.

0 rpm
5 rpm
10 rpm
15 rpm
20 rpm

4p0n

Torque (Nm
e

T
0.0 0.5 1.0 15 20
Input current (A)

Figure 6. Relation between output damping torque with input current.
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Figure 7. Relation between output damping torque with rpm.
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Figure 7 shows the relation between damping torque and the rpm with a constant input current.
The output damping torque is increasing with the increasement of rpm. It is significantly caused by
the yield pressure drop and the viscous pressure drop is increasing with the increasement of the shear
stress of MRF, as expressed by Equations (6)—(9). It shows that there is a massive effect when the rpm
grows from 0 to 5 rpm, it is caused by the value of Q at 0 rpm, and the value of Q is 0, so there is
no viscous pressure drop and the value of ¢, as expressed by Equation (10), is 2.07. However, when
the value of Q is not 0, the value of c is increasing significantly. The off-state damping torque of the
proposed rotary MR damper is nearly 0 Nm, and the proposed rotary MR damper works only with
low angular velocity. The maximum damping torque that could be achieved by the proposed rotary
MR damper is 2.86 Nm at 20 rpm and 2 A current variation.

4.2. Torque Density Prediction

In this study, three rotary MR damper models were selected for comparison. There are 4 figures
of merit that can be used to be the comparison parameter, such as dynamic range, torque density,
rotor radius, and electric power consumption [8]. Dynamic range and torque density must be
maximized, but the power consumption must be kept to a minimum. In this paper, to compare the
performance of the proposed rotary MR damper with the other rotary MR damper, torque density is
applied. The higher the torque density, the better the performance, because it could produce a higher
torque within the limited space.

From Table 4, it can conclude that the proposed rotary MR damper can produce a higher torque
density than by the shear-mode rotary MR damper models introduced by Gurocak et al. [26] and
Hidayatullah et al. [28]. Compared to the model of Yu et al. [21], the proposed rotary MR damper
has equal torque density. However, the rotary MR damper introduced by Yu et al. is working at
both flow mode and shear mode, and the shear mode output accomplishes higher damping torque.
The proposed rotary MR damper can produce higher torque density. Therefore, we can conclude that
the proposed rotary MR damper has a more compact structure.

Table 4. Rotary MR damper performance comparison.

Flow Mode MRB Yu (2016) Senkal (2010) Hidayatullah

Parameter Serpentine Flux @ [21] [26] (2019) [28]
Max. T (Nm) 2.86 80 10.9 2.1
T off state (Nm) 0.01 26 <0,1 <0.1
Volume (m?) 7x107° 1.9 x 1073 29x107* 7.3x 1070
T/V (x10* N/m?) 405 4.1 3.8 2.8

@ The output damping torque due to friction is neglected.

5. Discussion

The proposed rotary MR damper has a more compact structure than the selected shear-mode
rotary MR damper. However, the output damping torque of a flow-mode rotary MR damper, which
uses a screw pump to deliver the MRF along the channel, depends on the helical angle of the screw.
The relationship between load due to pressure drop and the output damping torque, as expressed in
Equation (17), was tan 6, which means that the higher the helical angle design, the higher the output
damping torque will be. With a high helical angle, we can transform the load that needs to be lifted to
become heavier. Otherwise, the common helical angle was designed to be a low angle. The purpose is
to give us a huge advantage by using the low helical angle, by which we can use a relatively small
torque to lift the huge load. It is also necessary to give attention to the result of off-state damping
torque because it would be bad if the off-state damping torque is already relatively high. So, the design
of the optimal helical angle is a concern.

Equations (6)—(9) show that the pressure drop can go higher by using a smaller gap. A smaller gap
would give the flow more friction loss that can lead to a higher pressure drop. Moreover, Equations (19)
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and (20) show that the magnetic flux would increase if the reluctances of each material can be minimized.
So, if the width of the gap is designed to be smaller, it would lead to a higher magnetic field. Therefore,
designing a smaller gap will give a double advantage to the output damping torque.

6. Conclusions

The research of a flow-mode serpentine path rotary MR damper is conducted. The main
conclusions of this research can be stated as follows.

1. The results of FEMM simulation indicate that the configuration of the magnetic conductive
material and non-magnetic conductive material of the proposed rotary MR damper could bend
the magnetic flux into a serpentine path configuration. It was successful in turning the annular
channel into an active region. The activated annular channel would lead to a higher pressure
drop and output damping torque.

2. FEMM simulation shows that the average magnetic field can reach 0.82 and 0.67 T in radial and
annular channels, respectively, at 2 A of current variation. It shows that the serpentine path will
lead to a higher output damping torque, because the yield stress of MRF-132 at a magnetic field
of 0.67 T is 38.16 kPa.

3. The proposed rotary MR damper has a more compact structure than the other rotary MR dampers
compared. The analytical approach of the proposed rotary MR damper reveals a torque of 2.86
and a torque density of 4.05 x 10* N/m?.

The current design of rotary MR dampers needs further improvement in terms of prototyping,
computational work of the control system, as well as in-application implementation. This design has
also been opened for other studies to be improved in its design and so on. The open problem would be
future promising investigations.
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Nomenclature

R MREF channel radius

Ty Shear stress

n Viscosity

w Angular speed

To Outer radius of radial channel
7 Inner radius of radial channel
Q Flowrate

Vp Pitch velocity

Lp Pitch

® Screw helical angle

Ap Cross section

L Annular channel length

d Width of channel

AP Pressure drop

APiskos Viscous pressure drop

AP e Yield pressure drop

C constants
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