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Magnetorheological transmission devices (MRTDs) are a type of power transmission
device using magnetorheological fluids (MRFs) as the transmission medium, which
have the advantages of rapid response and continuously adjustable output
performances. A new type of structure of planetary MRTDs is proposed to improve
the performances of MRTDs in this study. A planetary MRTD was fabricated, and the
performances of it were tested on the self-made testing system. The experimental results
show that the continuously variable transmission of MRTDs under constant torque can be
realized by adjusting the excitation current. The output speed or torque can be adjusted by
adjusting the control current when the input speed is constant. The output torque
increases with the increase in the input speed when the excitation current is constant.
The performances of the MRTD were analyzed according to the properties of MRFs in
complex flow and magnetic field. MRFs in complex flow and magnetic fields can produce
more stable and higher responses to external magnetic fields than being simple sheared;
thus, the planetary MRTDs have better performances and are useful structures for the
application of MRFs in transmission.

Keywords: magnetorheological fluid, magnetorheological transmission device, planetary structure, speed control,
torque control

INTRODUCTION

The development of intelligent mechanical equipment has gradually increased the requirements for
the transmission performance of transmission devices, especially in the controllability of torque and
speed. The controllability of the apparent viscosity of smart fluids provides the possibility to realize
performance-controllable mechanical transmission by controlling the external fields. As a kind of
smart material, magnetorheological fluids (MRFs) are suspensions of micron-size magnetizable
particles in a viscous matrix fluid enriched with additives. Under the action of an applied magnetic
field, an MRF transforms from a viscous fluid to a solid-like state, and its physical properties (e.g.,
mechanical, electromagnetic, and thermal properties) change simultaneously, which is called the
magnetorheological effect. The magnetorheological effect has the advantages of being continuously
controllable, fast, and reversible (Ashtiani, et al., 2015; Kumar, et al., 2019) and makes MRFs show a
strong potential for applications in the field of transmission control.

Magnetorheological transmission devices (MRTDs) are a new type of transmission device that use
MRFs as the power transmission medium and utilizes the magnetorheological effect for transmission
control. MRTDs can change the shearing state of MRFs between transmission interfaces by adjusting
the external magnetic field and then control the output parameters. MRTDs are convenient for
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controlling their real-time torque and speed during operation and
have the advantages of fast response, high shock resistance, and
stepless speed adjustment (Tian, et al., 2015; Wang, et al., 2018).

Güth and Maas, 2016 proposed an MRF brake based on the
Taylor vortex for application in wind turbines, whose torque
performance was better than that of other conventional brakes
using dry friction. Wang et al. (2019) designed a high-torque
squeezing magnetorheological brake and studied the squeeze
strengthening effect of a silicone oil-based magnetorheological
fluid with the addition of nanometer-sized Fe3O4. It was found
that the braking torque showed a nearly linear increase with the
increase in the squeezing stress. Sarkar andHirani, 2013 proposed
a method to apply pressure to the MRF to increase the output
torque of the magnetorheological brake. A single-disc
magnetorheological brake was developed, and it was found
that the braking torque of the brake was higher when pressure
was applied to the magnetorheological fluid than that of a brake
operating only under shear. Bucchi et al. (2014) developed an
auxiliary device based on MRFs for engaging and disengaging a
combustion engine combined with a magneto-thermographic
method. The magnetorheological clutch was allowed to
operate as the main clutch. Song et al. (2021) designed a small
magnetorheological brake based on a hybrid mode of shear and
flow, which can provide higher torque using a relatively small
amount of the magnetorheological fluid. Tian et al. (2022) studied
the time response characteristics of MRTDs and found that
changing the parameters of the excitation coil and the number
of taps can effectively shorten the current response time. Qiu et al.
(2022) used the electromagnetic force generated after the
excitation coil being electrified to squeeze the
magnetorheological fluid along the direction of the magnetic
field and improve the shear yield stress of the magnetorheological
fluid, thus greatly improving the transmission performance of the
magnetorheological fluid. Moghani and Kermani, 2020 designed
a lightweight magnetorheological brake using the hybrid
magnetization of an electromagnetic coil and a permanent
magnet, which can reduce the magnetic saturation in the
magnetic circuit and reduce the volume of materials used in
the magnetic circuit. The output torque performance of the
composite magnetorheological clutch which was proposed by
Dai et al. (2013) was enhanced over the simple disc-shearing
clutches. Li et al. (2014) optimized the MRF working area inside
the actuator to increase the working interface and improve the
performance of the actuator. Wang (2014) analyzed the
transmission characteristics under high transmission power
and the temperature characteristics of MRF in the working
process. It was concluded that using a water cooling system to
cool the MRTD was effective and can improve the working
reliability of the device. Chen (2014) developed a transmission
device–combined MRF and shape memory alloy, which could
compensate for the lack of MRF performance at high temperature
through the driving effect of the shape memory alloy.

The development trends of MRTDs are high torque, high
power, compact design, reliable operation, convenient control,
wide adjustable range, etc. Now, MRTDs are gradually moving
closer to practicality. Summarizing the mechanisms of MRTDs, it
can be seen that the working modes of MRFs are basically simple

shearing with a uniform magnetic field. These designs cannot
overcome the problem of MRF shear thinning at high shear rates.
The MRFs are prone to solid–liquid separation under strong
centrifugal forces because transmission devices are all rotating at
high speeds. For these reasons, a new structure of planetary
MRTD is proposed in this study which can effectively
overcome the problems of shear thinning and solid–liquid
separation of MRFs. This new structure is expected to achieve
controllable and stable high-power transmission.

TRANSMISSION MECHANISM

Basic Mechanism
The basic conceptual mechanism of planetary MRTDs is shown
in Figure 1. The inner and outer rings are used as the input and
output components, respectively; several magnetic rollers are
placed at the middle of the gap between the inner and outer
rings, and there are clearances between the rollers and the rings,
and the MRF fills the gap between rings. This transmission device
is a two-degree-of-freedom planetary mechanism with the
magnetic rollers taking planetary motion during transmission.
The state of theMRF is controlled by the applied magnetic field to
realize the adjustable power transmission between the inner and
outer rings.

The mechanism analysis of the planetary MRTD is shown in
Figure 2. The working status parameters of the planetary MRTD
are that the inner and outer rings rotate with angle speeds of ω1

and ω2, respectively, as the magnetic rollers rotate with an angle
speed of ω0. The relative velocity of the surface a magnetic roller
to surfaces of rings is shown by the blue arrows in the figure.
Then, the working region of the MRF can be divided into four
parts, where the MRF is squeezed in regions I and III and is
stretched in regions II and IV. A slight shearing rate can be
obtained on the surfaces of the rings and rollers by the
transformation of the strain rate tensor, which can produce
shear stress. The surfaces of regions I and II generate driving
torque to the roller, and regions III and IV generate resistance
torque. The torque acting on the roller should be balanced
according to mechanical analysis. Based on the same principle,

FIGURE 1 | Structural diagram of a planetary MRTD.
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the shear stress on the inner ring surface can produce the
resistance torque to the inner ring, and the shear stress on the
outer ring surface can produce the driving torque to the outer
ring. The shear stress of MRF is very large under the action of the
magnetic field so that the transmission torque of the planetary
MRTD is large. It can be seen from the aforementioned analysis
that the planetary MRTD can realize large controllable torque
transmission.

Considering the actual situation of a planetaryMRTD, the roller
takes planetary motion, and the aforementioned rotation should be
superimposed with the clockwise movement of the roller as a
whole. When there is a rotation speed difference between the inner
and outer rings, the working state of the MRF is squeeze shear
combination or stretch shear combination. The power is
transmitted from the inner ring to the outer ring due to the
transmission of MRF. The higher the apparent viscosity of the
MRF, the greater the power is transmitted.

The planetary MRTD makes the power transfer regions
characterized by high magnetic field strength and low strain
rate, which can improve the adverse effect of MRF shear
thinning at high shear rates. Therefore, the rotation of the
magnetic roller can realize the MRF rheological effect of
extrusion enhancement to enhance its transmission ability.
Moreover, due to the cyclic stirring effect of the planetary
motion of multiple magnetic rollers, solid–liquid separation
problems of MRF will not occur. So the planetary MRTDs can
be expected to effectively overcome the problems caused by MRF
shear thinning and high centrifugal force and can achieve a
reliable and stable controlled transmission.

Simulation Analysis
The MRF flow inside a planetary MRTD is complex flow under a
complex magnetic field. The flow field and magnetic field are all

coupled problems due to the mutual influence of the magnetic
field and fluid flow. These complexities lead to great difficulty in
analyzing the performances of a planetary MRTD. In order to
simplify the simulation, the default MRF has a constant magnetic
permeability during the flow, so the magnetic field simulation and
the flow field simulation can be performed independently. The
finite element analysis package COMSOL Multiphysics was used
to simulate the fluid flow and the magnetic field. The geometric
model was simplified according to the symmetry of the planetary
MRTD. The sub region surrounded by two adjacent rollers and
the rings is selected for flow field simulation, which can be called
the representative unit of the planetary MRTD. Speed of the rings
and the rollers were used as boundary conditions. Figure 3A
shows the simulation result of the flow field with certain
parameters of the viscosity of the MRF. The two half-rollers
and the region of the flow field were used together as the sub
region for magnetic field simulation. Different magnetic scalar
potentials were applied on the inner and outer rings as boundary
conditions. Figure 3B shows the simulation result of the magnetic
field with certain parameters of permeability of the MRF and the
rollers.

According to the simulation results of the flow field and
magnetic field, it can be seen that the flow field and magnetic
field of the MRF are all complex non-uniform fields induced by
the interference of magnetic rollers. In the regions of magnetic
rollers near the inner and outer rings, the magnetic field intensity
is large, and the relative velocity is small. The velocity vector
conforms to the analysis results in Figure 2. The magnetic field
intensity near the apex of the magnetic roller near the inner ring is
the largest. The regions of magnetic rollers near the inner and
outer rings are the main power transmission areas. The
characteristics of the flow field and magnetic field in these
regions are conducive to avoiding the influence of shear

FIGURE 2 | Mechanism analysis of the planetary MRTD.
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thinning of MRF and enhancing the transmission torque. In the
area where the rollers are close to each other, the magnetic field
intensity is small but the relative velocity is large, and there are
local vortices. The characteristics of the flow field and magnetic
field in the region where the rollers are close to each other are
helpful to prevent solid–liquid separation and enhance the
uniformity and stability of the MRF.

EXPERIMENTS

Experimental Prototype
The structure of the planetary MRTD is shown in Figure 4. The
device mainly consists of the magnetic roller, end cap, driving shaft,
driven shaft, excitation coils, magnetic sleeve, and slip ring. The
driven shaft consists of driven shaft 1 and driven shaft 2. The

FIGURE 3 | Simulation of a representative unit of a planetary MRTD. (A) Flow field simulation diagram and (B) magnetic field simulation diagram.

FIGURE 4 | Structure of a planetary MRTD. (A) Principle diagram of the planetary MRTD and (B) image of the planetary MRTD.
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excitation coil is assembled on the driving shaft equipped with a
magnetic sleeve and connected to the power by a slip ring. The
principle diagram of the planetary MRTD is shown in Figure 4A.
The magnetic field lines form closed loops along the path driven
shaft 1-MRF-magnetic roller-magnetic sleeve-magnetic roller-MRF-
driven shaft 1. The components of the magnetic circuit are made of
permeability magnetic materials, and the other components are

made of non-magnetic materials. Magnetic circuit components
include the magnetic sleeve, the magnetic roller, and driven shaft
1. Non-magnetic circuit components include driven shaft 2, the end
cap, driving shaft, and coil skeleton. AnMRF with a particle volume
fraction of 25% was prepared and used to fill the gap between the
inner and outer rings. The spherical carbonyl iron powder (MRF-
R35, Jiangsu Tianyi Ultrafine Metal Powder Co., Ltd.) with an
average diameter of 3.14 μm was used as magnetizable particles,
and the dimethyl silicone oil with the viscosity of 20 centistoke was
used as the matrix liquid. The main parameters of the planetary
MRTD are shown in Table 1.

The planetaryMRTDdesigned in this study can form a working
magnetic field along the radial direction of the transmission device
after the excitation coil is connected to the power. The magnetic
field lines pass through the MRF and the magnetic rollers. The
MRF is magnetized under the action of the magnetic field and
forms particle structures to resist relative movement and

TABLE 1 | Main parameters of the planetary MRTD.

Design parameter Value

Outer diameter of the inner ring 45 mm
Inner diameter of the outer ring 62 mm
Length of the magnetic roller 60 mm
Diameter of the magnetic roller 7.5 mm
Number of coil turns 1,114

FIGURE 5 | Experimental system. (A) Functional component diagram and (B) image of the experimental system.

Frontiers in Materials | www.frontiersin.org July 2022 | Volume 9 | Article 9331195

Zhu et al. Performances of Planetary MRTDs

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


deformation. The output speed and torque of planetary MRTDs
can be controlled by adjusting the excitation current of the coil. The
complex magnetic field and flow field formed by the magnetic
roller improve the ability of the MRF to transmit torque.

Experimental Platform
The experimental platform is mainly composed of the mechanical
transmission system, measuring system, and control system, as

shown in Figure 5. The transmission system includes an AC
motor, two torque sensors, and a magnetic powder brake. The
control system includes a frequency converter to control the
speed of the motor; a controllable 24 V conversion DC power was
used as the excitation source for the coil, and the experimental
data were input to the computer through an acquisition card. The
measuring system connects the sensors and the controller to
measure values of speed and torque and input the measuring data

FIGURE 6 | Dependence of output speed on the excitation current.

FIGURE 7 | Dependence of torque on the input speed.
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to the computer. It was measured that the maximum of the
excitation current for the coil of the planetary MRTD prototype
was 2.7A.

Experiments
The planetary MRTD was tested at room temperature in our
laboratory, and the temperature was 20–25°C. In order to reduce
the influence of the device heating on the results during the
experiments, the device was cooled naturally for half an hour after
each experiment. In order to test the speed control performance
of the planetary MRTD at constant output torque, the braking
torque of the magnetic powder brake was set to 4 N ·m and kept
constant during the experiments. The input speeds of the
planetary MRTD were set to 300, 400, and 500 r/min,
respectively, by controlling the output speed of the motor of
the testing system. The excitation current of the electromagnetic
coil was adjusted from 0 to 2.3A with a step of 0.05A. The
frequency of the data acquisition card was set to 10 Hz. The data
were input into the computer and were converted to speed values.

To test the torque control performance of the planetary
MRTD, the output shaft of the MRTD was fixed. The input
speed of the planetary MRTD was adjusted from 200 r/min to
500 r/min with a step of 50 r/min. The excitation current of the
electromagnetic coil was adjusted from 0 to 2A with a step of
0.5A. The frequency of the data acquisition card was set to 10 Hz.
The data were input into the computer and were converted to
torque values.

RESULTS AND DISCUSSION

Speed Control Performance
The results of the speed control performance of the planetary
MRTD are shown in Figure 6. The output speed of the planetary
MRTD can be adjusted continuously by adjusting the excitation
current when the input speed is constant. When the excitation
current is small, the output speed of the device is zero due to the
low magnetic field strength inside the MRF transmission region;
at that magnetic field strength, the torque generated by the
planetary MRTD is smaller than the braking torque applied.
When the input speed is 300, 400, and 500 r/min, the initial
current required to start the output of planetary MRTD is 0.55,
0.35, and 0.2A, respectively. The output speed is linear with the
excitation current in a certain current range. When the input
speed is 300r/min, 400r/min, and 500r/min, the linear variation
ranges of the output speed are 0.6–1.2A, 0.35–0.7A, and 0.2–0.5A,
respectively. The higher the input speed, the lower is the current
required for the planetary MRTD to reach the initial torque and
the faster the output speed increases. The reason is that the
deformation rate in the MRF transmission region is larger when
the input speed is higher, and a certain increment of the current
can produce a larger change of the output speed. When the
excitation current reaches a certain large value, the output speed
remains a constant value, and the slip ratio between the inner and
outer rings remains basically constant. The particle volume
fraction of the MRF and the maximum excitation current are
all relatively low in the experiments so that the magnetic

saturation of the MRF is not obvious, and the dependence of
output speed on excitation current is basically linear.

Torque Control Performance
The torque control performance of the planetary MRTD is shown
in Figure 7. The output torque of the planetary MRTD is greatly
improved when there is a current passed through the coil
compared to when no current is present. The output torque
increases with the increase in themotor speed when the excitation
current is constant. The dependence of the output torque on
speed is basically linear, which means that the MRF shear
thinning does not occur. When the speed changes from 200r/
min to 500r/min, the increment of the output torque of the
planetary MRTD increases from 2.5 N ·m to 4.2 N ·m as the
excitation current changes from 0 to 2A. It is similar to the results
of the speed control performance experiments.

CONCLUSION

The structure of the planetary MRTD was proposed. A prototype
of the planetary MRTD was designed and fabricated. The
transmission mechanism of the planetary MRTD was analyzed
basically. The performances of speed and torque control of the
planetary MRTD were tested using the self-made experimental
platform. The results were analyzed, and themain conclusions are
as follows:

1) The MRF transmission regions have the characteristics of low
shear rate and high magnetic field, which can effectively
overcome the MRF shear thinning and solid–liquid
separation problems and enhance the MRF performance.

2) The continuously output speed control of the planetary
MRTD can be obtained by adjusting the excitation current
of the electromagnetic coil. The larger the excitation current,
the higher rotation speed can be output.

3) The continuously output torque control of the planetary
MRTD can be obtained by adjusting either the excitation
current of the electromagnetic coil or the input speed of the
device. The larger the excitation current or higher the input
speed, the larger torque can be transmitted .
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