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Based on magnetorheological transmission technology, a design for a
permanent magnet safety coupling is proposed. Firstly, the structure scheme
of the coupling is designed in detail, and its working principle and
process are explained; Additionally, the influence of coupling structural
parameters on magnetic field strength is studied by ANSYS, and the
coupling’s structural parameters are optimized; Finally, the prototype of the
permanent magnet magnetorheological fluid coupling is tested for no-load
characteristics and torque regulation characteristics through the preparation
of magnetorheological fluid (MRF) and the construction of an experimental
platform, the experimental results demonstrated that the prototype effectively
transmits torque, and the no-load torque increases as the speed increases, at
a motor speed of 400 r/min, the experimental prototype achieves a maximum
no-load torque of 2.6 N.m; Under specific conditions of magnetic field strength
and volume ratio, the torque transmitted by the coupling increases with the
volume, for instance, when the volume of MRF is 50 mL and a motor speed
of 600 r/min, the experimental prototype achieves a maximum torque value
of 8.7 N.m, additionally, when the volume is constant, the torque transmitted
by the experimental prototype remains basically unchanged with the change
of slip speed, showing the characteristic of constant torque, this study offers
theoretical and practical insights for the design and experimental analysis of
similar products.

KEYWORDS

magnetorheological transmission technology, permanentmagnet type, safety coupling,
structure design, performance study

1 Introduction

MRF is a widely researched smart material comprised of micrometer-sized
ferromagnetic particles, a base load fluid capable of suspending these particles, and an
additive that prevents their settling (Rabinow, 1948; Chen et al., 2013). In the absence of
a magnetic field, magnetorheological fluids (MRFs) exhibit the properties of low viscosity
Newtonian liquids. However, when a magnetic field is applied, the viscosity of these fluids
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FIGURE 1
The structure of the permanent magnet magnetorheological fluid coupling. (A) the axial section structure of the permanent magnet
magnetorheological fluid coupling, (B) the end-view structure of the permanent magnet magnetorheological fluid coupling.

undergoes a substantial change. Within milliseconds, the state of
MRFs transitions from a liquid to a solid-like state. Furthermore,
the yield stress of these fluids significantly increases with the
strengthening of the magnetic field (Huang et al., 2022). MRF has
such good Magnetorheological (Mr) Characteristics, which makes
them play a very important role in magnetorheological drive
technology, especially in the coupling, clutch, brake (Rizzo et al.,
2015) has a large application space, in recent years, many patents
on Mr Clutch and brake have been authorized (Gopalswamy et al.,
1998; Patrick et al., 2001), these authorized clutches and brakes
have the structure of flat disk type, U type and so on, and
most of them are excited by coil, coil excitation has complex
structure, energy consumption and other problems; There are few
studies on permanent magnet as a magnetic field excitation source.
Bucchi et al. (2014) designed a permanent magnet excitation type
clutch and carried out theoretical analysis and experimental tests on
the clutch. Chen. (2021) designed a new type of Mr Safety coupling
and conducted simulation analysis on the internal magnetic field
of the coupling, and obtained the simulation results of the force

transmission characteristics of the safety coupling. Wang et al.
(2023) designed a safety clutch device, which relates to the field
of agricultural machinery harvesting. Based on the aforementioned
research, the author suggests a structural scheme for a permanent
magnet safety coupling based on Mr Transmission technology, this
coupling does not require external energy and offers advantages
such as a simple structure, safety, reliability, and overload protection.
The experimental testing focused on the permanent magnet
Magnetorheological fluid coupling prototype, specifically examining
its no-load characteristics and torque regulation characteristics.

2 Structural design of permanent
magnet magnetorheological fluid
coupling

The structure of the permanent magnet magnetorheological
fluid coupling is shown in Figure 1, which mainly consists of an
active rotor component and a driven rotor component. Figure 1A
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FIGURE 2
MRF preparation flow chart.

shows the axial section structure of the permanent magnet
magnetorheological fluid coupling. The active rotor component is
composed of the drive shaft 1, the active rotor 2, seal the plug 3,
the magnetic barrier ring 4, the permanent magnet 5 and magnetic
insulation tile 11, and the driven rotor component is composed of
the driven rotor 6 and the driven shaft 7. The end cover 9 combines
the active rotor component and the driven rotor component into a
closed cavity 12 through a sealing ring 8 and a screw 10. The cavity
12 is used as a storage space for the MRF.

In Figure 1B, the end-view structure of the permanent magnet
magnetorheological fluid coupling is depicted. Permanent magnet
5 and magnetic insulation tile 11 are distributed on the inner
surface of the circumference of the active rotor 2, alternately
arranged. The shape of permanent magnet is tile-shaped, radially
magnetized, and the magnetic poles of adjacent permanent
magnets are opposite. During operation, the permanent magnet
generates a magnetic field, which magnetizes the magnetic particles
present in the MRF, this results in the formation of a magnetic
linkage 13 along the direction of the magnetic field, connecting
the components in the following sequence: permanent magnet
5→active rotor 2→ permanent magnet 5→ MRF in cavity 12 →
driven rotor 6→ MRF in cavity 12 → permanent magnet 5, this
magnetic linkage significantly enhances the shear yield stress
of the MRF. As the motor rotates, the drive shaft 1 drives
the active rotor 2 to rotate, through the MRF, the rotation
of the active rotor 2 synchronously drives the driven rotor 6
and the driven shaft 7, enabling the coupling to perform its
intended function.

In order to achieve vertical passage of magnetic field lines
through the working gap, the drive shaft and driven shaft are
constructed using 45 steel, known for its favorable mechanical
properties. Likewise, the active rotor and the driven rotor are
made from Q235 carbon structural steel, which possesses high
permeability. To ensure radial passage of magnetic field lines
through the MRF in cavity 12, and to prevent magnetic short
circuiting, the magnetic insulation tile and magnetic barrier ring
are fabricated from aluminum alloy 6061, known for its low
permeability. Additionally, NdFeB is selected as the permanent
magnet material, the grade of which is N35EH, MRF used in this
experiment is self-prepared.

FIGURE 3
Curve of relation between yield stress and magnetic induction.

3 Preparation and characteristics
measurement of MRF

3.1 Preparation of MRF

The excellent performance of MRF is the key to the smooth
conduct of the experiment, the MRF used in this experiment
is self-prepared. In the experiment, the carbonyl iron powder
of MPS-MRF-35 was selected as magnetic particles, the base
loading fluid was selected as dimethylsilicone oil, and the surface
additive was selected as sodium dodecyl sulfate as the raw material
for the preparation of MRF, and the magnetorheological fluid
with an integral number of carbonyl iron powder of 25% was
prepared, the carbonyl iron powder, dimethylsilicone oil and sodium
dodecyl sulfate were weighed according to the calculated ratio.
The specific preparation process (Zhu et al., 2019) is illustrated
in Figure 2.
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FIGURE 4
B-H curve of MRF.

3.2 Measurement of the characteristics of
MRF

3.2.1 Determination of the relationship
curve between yield stress and magnetic field
variation

The testing instrument used in this experiment was the Anton
Paar MCR302 Rheometer. The measurement method involves
setting the test temperature at 40°C, during the test, the spacing
value of the parallel plate test system was a fixed value, the parallel
plates were filled with the MRF samples to be tested, and a constant
shear rate of 10s-1 was applied, the varying magnetic field of 0∼1T
was applied to determine the relationship curve between the yield
stress of the MRF and the change in magnetic field, as shown
in Figure 3.

3.2.2 Measurement of B-H curve
The B-H curve was measured by filling MRF into a closed test

tube with a diameter of 1 mm and a height of 2 mm, at room
temperature, the relationship between the change of the applied
magnetic field intensity H and magnetic induction B was measured
with a vibrating sample magnetometer (model Lake shore 7410) as
shown in Figure 4.

4 Influence of coupling structural
parameters on magnetic field strength

4.1 Influence of rotor thickness on
magnetic field strength

To analyze the influence of rotor thickness on magnetic field
strength, the following structural parameters are initially set up:

FIGURE 5
Influence curve of rotor thickness on magnetic field strength.

The outer diameter of the active rotor is φ119 mm, the thickness
of the permanent magnet is 6mm, and the working gap of MRF is
1.5 mm, the thickness of the active rotor is designed to be 2mm,
4mm, 6mm, 8mm and 10 mm successively, the influence of the
thickness of the active rotor on the magnetic induction intensity
is analyzed, and the results are shown in Figure 5. Figure 5 shows
that magnetic induction intensity B increases with the increase of
rotor thickness within a certain range. However, when the thickness
of the active rotor exceeds 8mm, the value of magnetic induction
intensity B remains relatively unchanged.Therefore, it is appropriate
to optimize the thickness of the active rotor as 8 mm.
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4.2 Influence of permanent magnet
thickness on magnetic field strength

To analyze the influence of permanent magnet thickness on
magnetic field strength, the following structural parameters are
initially set up: The outer diameter of the active rotor is φ119 mm,
the inner diameter of the active rotor is φ103mm, the working gap
of MRF is 1.5 mm, and the thickness of the permanent magnet is
designed to be 2mm, 4mm, 6mm, 8mm and 10 mm successively,
the influence of the thickness of the permanent magnet on the
magnetic induction intensity is analyzed, and the results are shown
in Figure 6. Figure 6 shows that when the thickness of the permanent
magnet is less than 6 mm, the magnetic induction intensity B
increases with the increase of the thickness of the permanent
magnet, when the thickness of the rotor permanent magnet is 6mm,
the magnetic induction intensity B reaches the maximum value.
However, when the thickness of the permanent magnet exceeds
6mm, the magnetic induction intensity B decreases, therefore,
it is appropriate to optimize the thickness of the permanent
magnet as 6 mm.

4.3 Influence of working gap on magnetic
field strength

To analyze the influence of working gap on magnetic field
strength, the following structural parameters are initially set up:The
outer diameter of the active rotor is φ119 mm, the inner diameter
of the active rotor is φ103 mm, the thickness of the permanent
magnet is 6 mm, the working gap of MRF is designed to be 1mm,
1.5mm, 2mm, 2.5 mm successively, to analyze the influence of
working gap on magnetic induction strength, and the results
are shown in Figure 7. Figure 7 shows that with the increase of
working gap, the value of magnetic induction intensity B decreases
continuously, in order to ensure its normal working performance

FIGURE 6
The influence curve of permanent magnet thickness on magnetic
field strength.

and take into account the manufacturing cost of the permanent
magnet magnetorheological fluid coupling, the working gap
should be 1.5∼2 mm.

To reduce the occurrence of magnetic leakage and other
phenomena, the thickness of the magnetic insulation tile should
generally be greater than or equal to the thickness of the permanent
magnet (Kong et al., 2006), the thickness of the magnetic insulation
tile designed is 6 mm in this paper. By analyzing the influence
of structural parameters such as rotor thickness, permanent
magnet thickness and working gap on magnetic field strength
B, the structural parameter values of the permanent magnet
magneorheological fluid coupling are selected, as shown in Table 1,
and the assembly of the coupling was completed, the physical object

FIGURE 7
The influence curve of working gap on magnetic field strength.

TABLE 1 Coupling structure parameters.

Structural parameter value

Outer diameter of active rotor φ119 mm

Inner diameter of active rotor φ103 mm

Outer diameter of driven rotor φ87 mm

Permanent magnet Angle 36°

Permanent magnet length 100 mm

Thickness of permanent magnet 6 mm

Magnetic insulation tile Angle 144°

Length of magnetic insulation tile 100 mm

Thickness of magnetic insulation tile 6 mm

Working gap 2 mm

Magnetic barrier ring thickness 5 mm
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FIGURE 8
Physical diagram of permanent magnet magnetorheological fluid coupling. (A) Physical components of the main and slave rotor, (B) Coupling
assembly drawing.

of the permanent magnet magnetorheological fluid coupling is
shown in Figure 8.

5 Magnetic field finite element
analysis

5.1 Material definition

During the magnetic field simulation, Q235 with high
permeability is selected for the rotor, and the material properties are
shown in Figure 9. Aluminum alloy 6061 with low permeability is
selected as themagnetic insulation tile, and the relative permeability
is 1. The magnetorheological fluid is prepared by itself, and the
material properties are shown in Figures 3, 4. The permanent
magnet material is N35EH, and its main physical characteristics
(Su et al., 2012)include remanence Br = 1.17–1.22T, coercive force
Hcb = 875 kA/m, and working temperature Tmax = 200°C.

5.2 Results of finite element analysis

ANSYS was used to analyze the static magnetic field of the
selected coupling structure parameters, and the magnetic field
line trend is shown in Figure 10A and the magnetic flux density

FIGURE 9
B-H curve of Q235.

vector trend is shown in Figure 10B, the simulation results show
that the magnetic field line and magnetic flux density trend are
consistent with the theoretical design. Working gap magnetic
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FIGURE 10
Simulation results. (A)magnetic field line distribution diagram, (B)magnetic flux density vector, (C) gap magnetic density amplitude distribution diagram.

density amplitude results are shown in Figure 10C, the simulation
results show that the maximum magnetic density between active
rotor and driven rotor is 1.051T, the maximum amplitude of the
gap magnetic density is distributed in the two angles of 70–110° and
250–290° in the circumferential direction of the permanent magnet
(the horizontal direction to the right is set to 0°), which is similar to
the theoretical design.

6 Experimental verification

6.1 Experimental platform construction

To verify the rationality of structural design and the correctness
of simulation results, an laboratory table for testing the performance
of permanent magnet magnetorheological fluid coupling is set
up. The laboratory table is mainly composed of mechanical
transmission system, detection system and control system (Li,
2019). The experimental block diagram is shown in Figure 11,
and the experimental device diagram is shown in Figure 12,

in which Figure 12A is the actual assembly diagram of the
laboratory table.

The mechanical transmission system consists of several
components such as a three-phase AC motor, permanent magnet
magnetorheological fluid coupling, torque sensor, and magnetic
powder brake. Its primary purpose is to facilitate power transmission
and conduct transmission characteristic tests on the permanent
magnet magnetorheological fluid coupling (Tian, 2012). The three-
phase AC motor used in the system is the YX3-100L-4 model, with
a rated power of 3 kW and a rated speed of 1400 r/min; The torque
sensor employed is the HPT-151 model, capable of measuring a
maximum driving torque of 100 N.m; The magnetic powder brake
utilized is the FZ25-1 model, with a rated torque of 20 Nm, a
maximum current of 1.5A, and a rated speed of 1400 r/min.

The detection and control system are integrated in a single
installation and connection box, as shown in Figure 12B. The
detection system includes a signal detection device that is directly
connected to the sensor, this device records the torque and
speed signals collected by the torque sensor and displays them
on the upper computer. On the other hand, the control system
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FIGURE 11
Experimental block diagram.

consists of a frequency converter and a tension controller, these
components are responsible for controlling the variables in the
experiment. The frequency converter adjusts the motor speed
to test the effect of different speeds on the performance of the
permanent magnet magnetorheological fluid coupling, meanwhile,
the tension controller controls the load provided by the magnetic
powder brake on the entire transmission system, the speed change
of the permanent magnet magnetorheological fluid coupling is
measured by adjusting the braking torque. The specific models and
specifications of the frequency inverter and the tension controller
are as follows: the frequency inverter model is G5M-1.5T4-1A,
with a speed range of 0-1440r/min; the tension controller model is
FZ-A-25, with a control accuracy of 0.01A.

6.2 Experimental test and result analysis

6.2.1 No-load characteristic test
No-load characteristics mainly test the ability of the coupling to

transmit torque without MRF. The method is to brake the output
end through the magnetic powder brake, and test the relationship
between the output torque of Mr Fluid coupling and the speed of
the motor. The sensor and acquisition card were used to record
the results, and the sampling speed was set to 25 s, the acquisition
results were shown in Figure 13, as can be seen from Figure 13,
no-load torque also increases with the increase of speed, when the
speed is 125 r/min, the no-load torque is 1.5 N.m, and the speed
is 400 r/min, the no-load torque reaches the maximum value of

2.6 N.m. Under normal circumstances, no-load torque is mainly
caused by factors such as the friction of the components inside the
device and the external rotor, and the smaller the test result, the
smaller the friction torque, the experimental results show that the
experimental prototype has a low no-load torque, which meets the
design requirements (Chen and Zheng, 2020).

6.2.2 Torque regulation characteristic test
The torque regulation characteristics refer to the variation law of

the transmitted torque of the permanentmagnetmagneorheological
fluid coupling under the condition of different slip speed when the
magnetic field is kept constant, the test method of the moment
adjustment characteristic is to adjust the magnetic powder brake
so that the output end is fixed, adjust the input speed by changing
the frequency of the inverter to obtain different slip speed, and
observe the change law of the transmitted torque under different slip
speed. The slip speed increment is set to 20 r/min, and the motor
speed variation range is 400 r/min-600 r/min, the experimental
parameters are collected using the sensor and acquisition card,
and the torque adjustment characteristic curve is drawn with the
experimental data, as shown in Figure 14. As can be seen from
Figure 14: when the magnetic field strength and volume ratio
(=25%) remain unchanged, the volume of MRF is 30mL, and the
transmission torque of the coupling increases slightly with the
increase of the slip speed, until the speed is 600 r/min, and the
maximum is 7.2 N.m; When the maximum volume of MRF is
50 mL, the transmission torque of the coupling increases slightly
with the increase of the slip speed, until the speed is 600r/min, and
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FIGURE 12
Experimental installation drawing. (A) Physical drawings of the experimental bench assembly, (B) Part of the test system and control system.

FIGURE 13
No-load characteristic curve.

FIGURE 14
Characteristic curve of moment adjustment.
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the maximum is 8.7 N.m; The experimental results show that the
larger MRF volume is, the larger the transmitted torque is under
the condition of a fixed magnetic field intensity and volume ratio;
When the volume is constant, the transmitted torque increases
slightly with the increase of the slip speed and basically remains
unchanged, which is the outstanding advantage of the permanent
magnet Mr Fluid coupling, when the load suddenly increases or
is subjected to external impact, the torque transmitted by the
permanent magnet Mr Fluid coupling exceeds the limit working
torque that MRF can achieve, and the active and driven rotors of the
coupling will slip, thus, it can protect the working equipment against
overload (Lv, 2011).

7 Conclusion

Based on magnetorheological transmission technology, an
experimental prototype of a permanent magnet safety coupling
was designed. The prototype was tested on a built experimental
bench to evaluate its no-load characteristics and torque regulation
characteristics. Based on the results of the tests, the following
conclusions were drawn:

(1) A permanentmagnetmagnetorheological fluid safety coupling
was designed. Its working principle and working process were
explained, and the magnetic field finite element analysis was
carried out. The simulation results confirmed that the trend of
the magnetic field lines and magnetic flux density aligned with
the theoretical design. Additionally, the maximum magnetic
density between active rotor and driven rotor is 1.051 T,
the maximum amplitude of the gap magnetic density is
distributed in the two angles of 70–110° and 250–290° in
the circumferential direction of the permanent magnet (the
horizontal direction to the right is set to 0°), which is similar to
the theoretical design.

(2) The experimental results of no-load characteristics show that
the experimental prototype can effectively transmit torque, and
the no-load torque increases with the increase of the speed.
When the motor speed is 400r/min, the no-load torque of the
coupling reaches the maximum value of 2.6 N.m.

(3) The experimental results of torque regulation characteristics
show that when the magnetic field strength is constant and
the volume ratio is constant, the larger the volume, the larger
the torque transmitted by the coupling will be, when the
volume of MRF is 50 mL and the motor speed is 600r/min,
the maximum torque value of 8.7 N.m is reached; When the
volume is constant, the torque transmitted by the experimental
prototype basically remains unchanged with the change of
slip speed, showing the characteristics of constant torque.
When the load suddenly increases or external shocks occur,

the torque transmitted by the coupling exceeds the maximum
working torque that can be achieved by the MRF, and the
coupling will slip and play the role of overload protection.
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