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Abstract. Aiming at the complex structure of the existing squeezed magnetorheological brakes, a disc-type
magnetorheological brake strengthened by self-squeezing using wedge-shaped gaps is proposed in this article. Four
rectangular slots were evenly distributed on the rotor surface of this actuator, and the pressure generated by the gap
variation squeezes the magnetorheological fluid, which makes the actuator more compact while improving its
working performance. The magnetic field was analyzed based on the finite element method, the magnetic and
mechanical properties of the magnetorheological fluid under different currents were obtained. Then, on the basis of
computational fluid dynamics, the flow field analysis of the magnetorheological fluid was carried out, and the cloud
diagram of squeezing stress distribution along the circumference was obtained. At last, the flow equation of
magnetorheological fluid is derived based on the Navier-Stokes equation and the squeeze strengthening model, and
the relationship between the torque, current, and squeeze stress was established. The results show that the wedge
gap causes the periodic change of fluid squeeze stress, and the shear yield stress of magnetorheological fluid
increases significantly after squeeze strengthening. When the input current is 2.0 A, the shear yield stress is 67.7
kPa and the torque is 24.8 N-m, which is about 46.2 % higher compared with the un-squeezed state.
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1.Introduction

Magnetorheological fluid(MRF) is a new magnetic smart material, MRF is a suspension formed by polarizable
magnetic particles in a basic fluid.[2]. The unique magnetorheological effect of MRF is shown by the fact that MRF
behaves as a Newtonian fluid when no magnetic field is applied; Under the action of magnetic field, the dispersed
magnetic particles in MRF can form a chain-like structure along the magnetic field direction in a very short time,
which transforms the fluid from a free-flowing state to a non-Newtonian fluid form and exhibits mechanical
properties similar to those of a solid [>#.For the magnetorheological effect with the advantages of reversible, rapid
response, stepless speed regulation, MRF has a wide range of applications in the clutch, brake and other mechanical
transmission fields (5],

Magnetorheological brakes are new brakes that use MRF as the power medium to obtain controlled braking
torque, but the small rotating torque of magnetorheological brakes seriously affects the development of
magnetorheological brakes. Domestic and foreign scholars have conducted a lot of research on MRF and
magnetorheological devices, and have proposed various solutions to increase the braking torque. Sun et all”! have
Chosen 10 different MRF material samples for experiments and analysis, test the mechanical properties and material
parameters of MRF material samples, study the influence of different factors such as magnetic induction strength
and temperature on the performance of magnetorheological actuator, and prove the reliability and practicality of
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magnetorheological actuator; Yang et all®! had established a mechanical and structural model of MRF under
microscopic, combined with theoretical analysis of the characteristics of the two modes of operation of shear and
extrusion; Wu et al® had proposed a new multi-disc magnetorheological drive for high-power applications,
designed and optimized the structure of the device, and measured through analysis and experiments that the
magnetorheological drive can generate a maximum torque of 1800N-m; Mazlan et al!'% through experiments to
verify the physical properties of MRF in extrusion mode, the results show that the physical properties of MRF after
extrusion are greatly improved; Xiong et all''! had proposed a combined MRF and electrothermal shape memory
alloy transmission device, using shape memory alloy to improve the torque of the magnetorheological device, the
torque magnitude of the device was calculated by simulation analysis and verified experimentally. The above
research mainly focuses on improving the magnetorheological device torque by changing the frictional
characteristics and magnetic properties of MRF, and there is less research on improving the transmission torque by
relying on the rheological properties of MRF itself. Because the MRF has special fluid properties, by changing the
flow rate and pressure of the MRF in the working gap will also have a certain effect on the magnetorheological

devicel!»13

1. Therefore some scholars have used Computational fluid dynamics(CFD) techniques to study the flow
properties of MRF,DA et all' through CFD and Finite element method (FEM) finite element method, a
comprehensive simulation study of magnetorheological fluid journal bearings was conducted, and the journal
bearing characteristics such as eccentricity, attitude angle, oil flow and friction coefficient were calculated, and the
functions of magnetic field and L/D bearing ratio were listed; Susan-Resiga et al''>! had discussed the setting of
CFD model of magnetorheological fluid and its influence on the results. Proposes two magnetorheological valves
based on parallel plate simplification, and concludes that the pressure loss of magnetorheological fluid at the inlet
and outlet has less influence on the pressure drop in the gap than that of conventional hydraulic fluid.

In this paper, based on the rheological characteristics of MRF, a magnetorheological brake based on shear-
extrusion mode is designed and proposed. The working principle of the brake is analyzed, the magnetic field model
and the flow field model of MRF in the brake are established, the magnetic field and the flow field of the brake are
studied by using FEM and CFD techniques respectively, and the magnetic field distribution state and the flow field
distribution state in the brake are obtained, and the braking torque versus current curve of the brake is derived on
the basis of the Navier-Stokes equation and the extrusion strengthening model.

2. Working principle

The MRF brake structure schematic diagram is shown in Figure 1. The brake is mainly composed of the
following parts: 1 - coil, 2 - housing, 3 - bearing, 4 - active shaft, 5 - rotor, 6 - mounting base, 7 - MREF, etc., where
the mounting base is fixedly connected to the frame by bolts and the coil is fixedly sealed inside the housing by
PVC. The working principle of this brake is as follows.




Figure 1. MRF brake schematic diagram

(1) In the initial state, the MRF is in the state of Newtonian fluid without the influence of magnetic field when
the coil has not been energized, and the input shaft relies on the braking torque generated by the viscosity of MRF
under zero magnetic field, which cannot produce a significant braking effect.

(2) In the braking process, the coil is energized to generate a magnetic field, the magnetic particles in the MRF
are arranged into chains under the influence of the magnetic field, and the MRF is transformed from a Newtonian
fluid to a viscoplastic solid, and its shear yield stress is strengthened, relying on the shear yield stress MR brake can
produce an obvious braking effect. At the same time, due to the rotor wall processing four rectangular grooves,
rectangular groove area and the disc area to form a wedge gap, when the MRF from the rectangular groove area will
generate squeezing pressure, under the action of pressure MRF will produce squeeze-strengthening effect, and MRF
shear yield stress is increased, the braking performance is increased.

(3) End of braking, the coil power, and the MRF is returned to a Newtonian fluid by the viscoplastic body after
the magnetic field disappears, the MR brake ends braking.

3. Design and finite element analysis

3.1 Analysis of the magnetic fields

In order to increase the braking torque generated by the MRF brake, the magnetic lines of force in the magnetic
field should cross the MRF as perpendicular as possible and maximize the MRF operating gap to a high intensity
magnetic field. In ordered to analyze the magnetic field of the brake unit as a whole under the operating condition,
the magnetic flux distribution is simulated by the finite unit method, and the simplified model of magnetic field

analysis is shown in Figure 2.
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Figure 2. 2D axisymmetric simplified model

The structure parameters of this brake are shown in Table 1.
Table 1. Structure parameters of the MR transmission device (mm)

R R R3 L
50 37 20 1.5

The 2D axisymmetric FEM model is established by the magnetic circuit diagram shown in Figure 2, and the

calculated results of the magnetic circuit analysis are used as the magnetic field excitation conditions of the magnetic
finite element analysis (FEA). To improve the accuracy of the magnetic FEA, the nonlinear permeability of the
material is considered, in which the input shaft, output shaft and rotor, etc., are all made of 20# steel, the MRF-JO1T
is provided by Chongqing Institute of Materials Research, and the MRF material parameters are shown in Table
ol16].

Table 2. Material parameters of the MRF (MRF-JO1T)

@ Ho Ur
25% 400 4 X 10_7H/m
™ a? /16 8

10 9 1.202




In Table 2. ¢ is the MRF volume fraction; y, is the relative permeability of the base fluid; z is the vacuum
permeability; o, is the MRF shear yield stress; 7, is the initial shear stress; J is the material coefficient; u, is the
relative magnetic permeability of the magnetic particles.

The magnetization curves of 20# steel and MRF are shown in Figure 3 and Figure 4, respectively.
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Figure 3. 20# steel magnetization curve
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Figure 4. MRF-JO1T magnetization curve
The relationship between the magnetic flux density B and the shear yield stress 7(B) is obtained from the Figure
4, and the fitted equation is as follows
1888 — 1
—_— 1
100 ) @
The magnetic field analysis is set to steady-state magnetic FEA, the boundary condition is set to Balloon, and

T(B) =76 sin(

the relative permeability is 1. The number of turns of the coil is set to 100, and the 3D magnetic flux density and
magnetic line distribution clouds are shown in Figure 5 while the currents are set to 0.5 A, 1.0 A, 1.5 A, and 2.0 A,
respectively. The magnetic lines are perpendicular to the MRF working gap so that the maximum shear yield stress
can be generated after MRF chainization.




(a) disc area (b) rectangle groove area
Figure 5. Cloud diagram of 3D magnetic flux density (/=2.0A)

The magnetic flux density of the corresponding cross-sections in different regions are intercepted in Figure 5.
In Figure 5(a), the maximum and the minimum values of magnetic flux density in the disc surface region are 0.31
T and 0.14, respectively, with the average magnetic flux density of 0.22 T. As a comparison, the maximum,
minimum and average values of the magnetic flux density at the MRF working gap in the rectangular slot region
(Figure 5(b)) are 0.35 T, 0.32 T, and 0.33 T, respectively. It shows that the shape of the rotor surface will affect the
flux distribution and thus the working performance of MRF under the no-flow state. Combining Equation (1) and

Figure 5, we can get the radial magnetic flux density and shear yield stress of MRF under different currents, as
shown in Figure 6.
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Figure 6. Radial magnetic flux density and shear yield stress of MRF under different currents
From Figure 6, it can be observed that the magnetic flux density of the MRF increases as the coil current
increases. When the current increases from 0 to 2.0 A, the magnetic flux density rises from O T to 0.3 T accordingly.
The initial yield stress under the magnetic field is approximately linearly related to the current. And the maximum
value of the initial yield stress generated by MRF is 34.5 kPa when the current is 2.0 A.
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Figure7. Relationship between magnetic flux density and circular center angle

Figure 7 shows the changing law of circumferential magnetic flux density on the shear surface of the MRF
working gap. As shown when the coil current is 2.0 A, the relationship between magnetic flux density and circular
center angle into a periodic change. The fluctuation range of magnetic flux density in the figure is large, and the
region of maximum value corresponds to the four rectangular slot regions on the rotor, in which the magnetic flux
density and the effective working radius are approximately linear. When the effective working radius of MRF
increases from 25 mm to 45 mm, the average magnetic flux density increases from 0.28 T to 0.35 T.
3.2 Analysis of the flow field

In order to analyze and describe the flow properties and pressure distribution of the brake more accurately, a



flow field analysis of the brake was performed based on the CFD method. The following assumptions are made
now: (1) the MRF is an incompressible fluid; (2) there is no relative slip motion between the housing surface and
the MRF; (3) the MREF is all in a non-Newtonian fluid state under the action of the magnetic field; (4) the effect of
the shear strain rate on the viscosity is neglected; (5) the MRF does not reach magnetic saturation under any current
and the magnetic field is uniformly distributed; (6) the inertia force of the MRF is neglected. The simplified model
of flow field analysis is shown in Figure 8.

MRF
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Rectangular
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Disc
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Figure 8. Simplified model of the rotor
In the CFD numerical analysis, all structural parameters are consistent with the magnetic FEA, and in the
analysis process, the rotor speed @ = 63 rad/s. The MRF flow model is selected as laminar flow because the MRF
has assumed non-Newtonian fluid all over the working gap; with the fluid properties set to the Bingham model and
the zero-field viscosity n0=0.38 Pa-s in the Bingham model. The remaining parameters are shown in Table 3 below,
and the solution calculation is started after all settings are completed. The computational solution requires the
residuals of all variables to be at least less than 1/10000 before the results are considered valid for convergence

Table 3. Parameters of the Bingham model

Current I/(A) Magnetic flux density B/(T) Initial shear yield stress 7,/(kPa)
0.50 0.07 3.71
1.00 0.15 11.95
1.50 0.23 23.46
2.00 0.32 34.47

From the CFD analysis, the flow velocity and circumferential direction distribution of the MRF in the Bingham
model with magnetic flux density of 0.32 T and initial yield stress of 34.47 kPa are shown in Figure 9.
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Figure 9. Flow velocity and circumferential direction distribution of the MRF (/=2.0A)

As presented in Figure 9, the flow velocity near the rotor edge is up to the maximum value of 4.5 m/s, and the
minimum value is 2.0 m/s near the rotation center. The MRF flow velocity increases continuously with the increase
of the rectangular slot radius, and the MRF flow direction is clockwise in line with the rotor rotation.
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Figure 10. Cloud diagram of the pressure distribution (/=2.0A)

MREF flows into the disc gap from the rectangular groove gap during the flow of MRF in the gap. The
convergence gap formed by the rectangular slot and the disc allows the MRF to generate squeeze stresses. As shown
in Figure 10, MRF under the action of rotor rotation, the extreme value of squeeze stress appears on both sides of
the rectangular groove. From the flow direction, it can be seen that the positive pressure is distributed on the MRF
outflow side of the rectangular groove. Since the rectangular grooves in the rotor wall are distributed in a periodic
pattern, the squeeze stress distribution cloud appears in four periodic distribution relationships. The absolute values
of the squeeze stresses on the outflow side and inflow side reach the maximum in the rectangular groove (O area.
The squeezing pressure generated by the wedge gap causes a strong squeezing-strengthening effect on the local
MREF in the working gap, thus achieving an improvement in the braking performance of the MRF brake.
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Figurell. Relationship between squeeze stress and circular center angle

MREF is subjected to cyclically varying squeeze stress on the rotor surface at different currents. As shown in
Figure 11, The initial value of the squeeze stress is different because of the different currents, For example, in the
first cycle, At different currents, the absolute value of the extrusion stress reaches a maximum at positions 25° and
75°, respectively15kPa,34kPa,61kPa,80kPa. It means that the squeeze stress on MRF increases with the increase of
current. At the same current, when the current is 2.0A, the initial absolute value of squeeze stress is 10kPa. As the
circular center angle increases, the absolute value of squeeze stress reaches a maximum of 80kPa at 25°. Indicating
that when MRF flows from the rectangular groove area to the disc area subjected to a substantial increase in the
squeeze stress. The wedge-shaped gap formed by the two is able to produce an squeeze effect on MRF.

4. Analysis of the braking torque

4.1 Naiver-Stokes
The Bingham constitutive model can describe the rheological properties of MRF in the presence of a magnetic
field, and the constitutive relationship can be expressed as!!”).

T =1(B)sgn(y) + ny (2)
where T is the shear yield stress of MRF after extrusion, T(B) is the function of MRF shear yield stress and magnetic
induction strength, sgn(y) is the sign function, 1 is the MRF viscosity coefficient, and y is the MRF shear strain
rate.

When the inner diameter of the MRF brake is 73, the outer diameter is 7y, the rotational speed difference is w,
and the MRF thickness is L, the shear strain rate of MRF can be expressed as!'®!
Y= S—ZT (3)
where w is the rotational speed and r is the MRF working radius.
The braking torque of the MRF brake before squeezing can be expressed as [1°]
nn
2L,

From equation (4) it can be seen that the disc MRF brake braking torque consists of two parts: shear braking

21
Mygrr = 3 (R} —R3)T(B) + (Rt = R})w 4)

torque and viscous braking torque. The first part of the equation is the braking moment generated by the shear yield
stress, which is obtained from the rheological properties of the MRF, and its magnitude is related to the magnetic
field, while the second term is the zero-field viscous braking torque, which is related to the zero-field viscosity of
the MREF, the rotor speed and the geometry of the rotor, with no applied magnetic field. However, equation (4)
ignores the influence of rotor shape on the operating characteristics of MRF and cannot accurately solve for the
braking torque generated by MRF after extrusion strengthening. To accurately analyze the enhancement of MRF
working performance after squeeze strengthening, the following derivation of MRF pressure and flow rate of the
disc brake flow model is shown in Figure 12.
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Figure 12. Schematic diagram of MRF flow model
According to the MRF flow model, combined with the proposed assumptions, the edge effect of the inner and
outer radius is neglected due to the MRF working gap thickness L; < (R, — R3). Also, it is assumed that gravity is
negligible and the centrifugal force due to centrifugal acceleration is negligible compared to the force due to viscous
stress gradient and pressure gradient because the rotor speed is low enough. Therefore, the inertia term in the Navier-
Stokes equation can be neglected, and the Navier-Stokes equation ignoring the inertia term in the semi-cylindrical

coordinate system is (201

10 a (10 0%vg 2 0v
=k "[a(m“”e))*#*rza—él Q
Where dp /00 is the pressure gradient along the rotation direction, vg and v, are the velocity in the radius direction
and rotation direction, respectively. The pressure gradient on the left is equal to the diffusion of the circumferential
momentum on the right, and the pressure gradient varies with the viscous stress applied to the fluid by the rotor, so
increasing the viscous stress will increase the pressure gradient.

In the cylindrical coordinate system, the component of the velocity at any position in the z-axis is
approximately 0. In addition, the MRF working clearance is much smaller than the rotor circumference, so the
Navier-Stokes equation can be reduced to the continuity equation, and the continuity equation is?!J

~ar (rvg) =0 (6)

Where r and v, are a constant, when r = Ry, vg = 0. When v, = 0, the pressure gradient in z direction and r

direction is

0

5 =0

w_, ™)
or

Where the pressure gradient in z direction and r direction is constant.
Combined with the structural parameters of MRF brakes, the relationship between MRF working gap thickness
L, and radius R, and R; can be expressed as
Ly
R, — Ry

Since the MRF working gap is very small, the variation of vy in the z-direction along L, is much larger than

«1 (8)

the variation of vy in the r-direction along R,-R3, when v4=0. The second term on the right side of equation (5) is

ignored, and the simplified equation is obtained as follows!??)

10p 0%vy

r69=ﬂ 0z2

9)



Based on the assumptions made above for the MRF flow model, the circumferential velocity vg does not vary
with position at this time, and according to the mass conservation theorem, the relationship between MRF pressure
and circular angle derived from the simplification of equation (9) can be expressed as

dp AP
20~ 20
Where AP is the pressure stress difference between the low pressure region and the high pressure region, and 46 is

(10)

the angle of the circle corresponding to the arc length.
4.2 Squeeze-strengthening effect

The relationship between pressure and angle is obtained from equation (10), and the MRF under pressure will
produce a squeeze-strengthening effect, at which time the shear yield stress 7,, in the MRF consists of the shear
yield stress 7,,, generated by the magnetic dipole action and the shear yield stress 74 generated by the mutual friction
of the magnetic particles. The experimentally modified shear yield stress 7,, is**]

Ty, = KiTim + Ko ¢ (11)

Where, K; and K, are correction factors, shear yield stress 7, is

N3 .
Tm = 36Qus oS HE (5) 8y (12)

where f is the material coefficient, expressed as § = Lﬁf, the parameters are shown in Table 2. The shear yield
0

Upt
stress 7y generated by the magnetic particles rubbing against each other is
210 2\11/2
Qr3[% (1- %)
0
Tr =
! [02(1 - Q)]
where Q is the correction factor, P is the MRF subjected to squeeze stress, and the remaining parameters are shown

in Table 2.

Combining equations (10) and (11), as well as the CFD analysis results, the variation of shear yield stress of

P (13)

MRF under the action of squeezing pressure can be obtained, as shown in Figure 13.
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Figure 13. MRF shear yield stress distribution for squeezed and non-squeezed

The above figure shows the variation pattern of shear yield stress generated by MRF in two operating states of
MREF, Figure 13 shows that the MRF shear yield stress in the polar coordinate system shows a periodic variation
pattern in the working gap in the presence of a rectangular groove, when the center circle angle is 0° to 5°, the
thickness of MRF working gap in the rectangular groove is thicker compared to the disc area, Therefore, the
magnetic induction strength of MRF in the groove is small, resulting in the shear yield stress generated by MRF in
the rectangular groove is smaller than the shear yield stress generated by MRF in the disc area, when the center
circle angle is 5° to 14.5°, the MRF transitions from the rectangular slot region to the disc region, where the MRF
is subject to squeeze stress. The shear stresses generated by MRF at this time are 42.2kPa and 67.7kPa, respectively.



This means that the MRF will produce an squeeze strengthening effect after being squeezed, and the MRF will
produce a rapid increase in shear yield stress, so that the brake will produce a greater braking torque.

In conclusion, taking the same size planar disc drive as a comparison, the braking torque versus current curve
of MRF brake after squeezing-strengthening can be derived from equation (4) with the results of magnetic and flow
field analysis, as shown in Figure 14.

25 | —o— Rectangular groove type
—&— Disc type

Torque T/ (N m)

RN
ol o (6] o
| I B B

o

1 M 1 M 1 M 1 M 1
00 05 1.0 15 20
Current 1/ (A)

Figure 14. Relationship between current and torque of MRF brakes

As can be seen from Figure 14, the torque increases with the increase of current, and the rotor with rectangular
grooves is able to produce a larger braking torque at the same current. The torque grows faster when the current is
in the range of 0.5A to 1.5A. At a current of 2.0A, the brake torque reaches a maximum of 24.8N-m, which has a
more excellent braking performance compared to the disc brake.

5. Conclusion

In this paper, the magnetic field and flow field analysis is carried out for a disc MRF brake with a wedge gap
based on shear-squeeze mode. A simplified model of the magnetic field and flow field of the MRF brake is
developed. The flow field simulation of the MRF brake is carried out by using the computational fluid dynamics
method to derive the flow equations of MRF in the rotor. Based on the MRF squeeze strengthening theory, the
braking torque versus the current curve of the brake was derived. The results of the study show that.

(1) MRF magnetic induction strength and initial yield stress increase with the increase of current. The magnetic
induction strength in the rectangular groove is nonlinearly related to the circular center angle, and the MRF magnetic
induction strength reaches a maximum value of 0.31 T in the rectangular groove region.

(2) The MREF linear velocity reaches a maximum value of 4.5 m/s at the rotor edge. the MRF is subjected to
periodic squeezing stress through the wedge gap, and when the current is 2.0 A, the squeezing stress on the MRF
reaches a maximum value of 80 kPa.

(3) The shear yield stress generated by MRF is consistent with the change of squeeze stress, and the shear yield
stress reaches a maximum value of 67.7kPa at the transition area between the rectangular groove and the disc surface,
and the torque generated by MRF brake after squeezing is 24.8N-m, which is 46.2% higher than the torque without
squeezing.
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