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Abstract: Magnetorheological (MR) technology has provided effective solutions to many engineering
bottleneck problems due to its controllable nature. However, designing a rotary MR damper with a
high torque—volume ratio is always challenging, especially for some specific application scenarios
with constrained space, such as robot joints. To solve this problem, a rotary damper based on MR
bearings was designed and evaluated in this study. In this rotary damper, two MR bearings are
utilized to provide controllable damping torques and serve as rotors, which greatly saves space
while providing high torque. This feature grants the characteristics of compact design and high
torque—volume ratio. Quasistatic testing shows that the damping torque of this rotary damper can
reach 2.92 Nm when the applied currentis 1.2 A. It achieves a high torque—volume ratio of 190 kN/ m?,
which is nearly four times higher than that of existing rotary MR dampers. The experimental results
show that the proposed MR damper is effective in satisfying the high torque requirement in a
limited space.

Keywords: rotary MR damper; MR bearing; high torque-volume ratio

1. Introduction

Magnetorheological (MR) material [1,2] has been widely applied in various fields
for decades. It can be classified into several types, such as MR fluid [3] (MRF), MR
elastomer [4-6] (MRE), and MR grease [7] (MRG). Among them, MRG is suitable in dynamic
situations such as bearings due to its low fluidity, and it shows a great MR effect in terms
of controllable viscosity and the yield stress. With the presence of a magnetic field, the
MR effect of the MRG is characterized by rapidity, continuity, reversibility, and low energy
consumption. The MRG mainly consists of three components: ferromagnetic particles
(e.g., iron powders), base fluids (e.g., grease and oil), and additives for stabilization. The
principle of the MR effect lies in the rearrangement of microscopic particles under a
changing magnetic field. Without a magnetic field, iron powders are suspended randomly
and nondirectionally in the base fluid. However, when exerting a magnetic field on the
MRG, the iron powders are arranged along the direction of the magnetic induction lines
and form the shape of chains or columns, which greatly increases its viscosity and damping
coefficient. The mechanism of the MR effect for the other MR materials (MRE and MRF)
is identical. Currently, MR materials are widely used in many fields, including linear MR
dampers [8-11] and rotary MR dampers [12,13].
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Given that the rotary MR damper has wide-range controllability and quick response
speed, it has been applied to many fields, such as vehicle suspension systems [14], prosthetic
knee applications [15], rehabilitation treatments [16], and seat suspension systems [17].
Rotary MR dampers can be divided into two types, namely the disc-type MR damper and
the drum-type MR damper, according to the location where the shear mode occurs. In the
disc-type MR damper, the effective area is the axial gap of the rotating shaft. Therefore,
disc-type MR dampers are usually large in diameter and short in length. Li et al. [18]
proposed a single-disc-type MR damper, and its torque was less than 2 Nm. Park et al. [19]
studied a multidisc damper structure through simulation and optimization. The results
show that the damper could provide a torque of more than 1000 Nm with a diameter
exceeding 168 mm. In the drum-type MR damper, the effective area of the shear mode is in
the radial gap of the rotating shaft. These dampers are generally long in length and small
in diameter. Huang et al. [20] analyzed the torque of a cylindrical MRF damper and found
that enlarging the radial surface of the rotor can improve the performance of the damper.

With the development of robot research, several researchers have studied the applica-
tions of rotary MR dampers [21-23] on robots. For example, Garcia et al. [24] utilized the
LORD RD-2087-01 damper with a diameter of more than 100 mm to develop a biomimetic
leg robot. Wang et al. [25] proposed a finger rehabilitation robot for active and passive
training, in which a rotary MR damper with an outer diameter of approximately 60 mm and
a damping torque of 2.7 Nm was utilized to offer a variable damping force. Kim et al. [26]
developed a 3-DOF leg simulator to analyze walking gaits. The rotary MR damper in the
simulator could provide a damping torque of 20 Nm, but its size was larger than a normal
adult’s knee. These dampers cannot simultaneously possess the characteristics of a small
volume and an adequate damping torque. Therefore, the performances of these dampers
are still insufficient for robot applications. Some researchers have investigated effective
methods to optimize the torque-volume ratio and improve the performance of the damper.
Zou et al. [27] proposed a rotary MR damper for a knee exoskeleton, which combined the
advantages of multidisc and multidrum structures. Gudmundsson et al. [28] optimized the
geometrical design of a rotary MR brake and ultimately obtained a 30%-50% improvement
in the damping torque, with a maximum diameter of 60 mm. However, the existing rotary
MR dampers still have large volumes to be fixed in the normal joints of robots, artificial
limbs, and exoskeletons. Therefore, developing a compact rotary MR damper with a high
torque density is important for applying MR dampers to robots and artificial limbs. On the
basis of this motivation, this study proposes a rotary damper based on MR bearings with
an MRG to reduce the volume of MR dampers and raise the damping torque. The rotary
structure and MR bearings make the damper compact in size and large in torque output.
Specifically, the damper can provide a torque of 2.92 Nm with a diameter of 26 mm and a
length of 43 mm.

The rest of the paper is organized in the following order. Section 2 introduces the
structure and working principle of the MR damper. A theoretical analysis of the torque
of the damper based on magnetic field simulation and material properties is presented in
Section 3. In Section 4, the performance test of the MR damper is conducted, and the testing
results are shown together with the comparison between the theoretical torque and the
experimental data. The damping performance of the MR damper is concluded in Section 5.

2. Structural Design and Prototype of the MR Damper

MR bearings with controllable damping torque are utilized in an MR damper to raise
the torque—volume ratio. They are composed of deep-groove ball bearings and MRGs
distributed in the void space inside the bearings. The MRG is fabricated by mixing high-
viscosity lubricating grease and iron powder with a particle size of approximately 0.5 um
and stirring for 10 min. To manufacture the MR bearing, the MRG is injected into the deep
groove ball bearing when the bearing seals are open. Thereafter, the bearing is placed
into the vacuum oven for 5 min to eliminate air bubbles and saturate the space inside the
bearing with the MRG. Finally, the bearing seals are closed after several repeated operations.
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The original bearing seals and the high viscosity of the grease result in a low possibility of
oil leakage, which means that no extra seal structures are needed. They also contribute to
reducing the sizes of the MR damper. The structure of the MR bearing fits the demands for
a high torque-volume ratio. Considering the narrow gaps between the bearing balls and
the raceway, the MR material should form chains and generate a high damping coefficient
in the presence of a magnetic field. Once the chains come into formation in the narrow
gaps, the rolling of the balls will be restrained. At this moment, a large force is required to
break the chains and enable the balls to rotate again.

The structure of the MR damper is shown in Figure 1. The damper is mainly composed
of a shaft, two MR bearings, a coil, a cylinder shell, and two circlips. Surrounding the
central shaft, two MR bearings are fixed on the shaft. The keyways on the inner ring of
the bearing enable the shaft to rotate together with the inner ring of the bearing. The
coil protected by a 3D-printed shelf lies between the two bearings. A cylinder shell is
fixed surrounding the outer ring of the bearings. Two lateral circlips are laid to fasten the
bearings. Two copper wires outside the cylinder shell are protected by a heat-shrinkable
tube. The keyway located on the right of the central shaft is prepared for the external
connection and torque transmission. The central shaft is made of mild steel #25 because of
its high saturation magnetization and low coercivity. The total size of the MR damper is
26 mm in diameter and 43 mm in length. The length of the main body minus the connection
part is only 26.5 mm. The volume of the damper is 15,366 mm? in total, which is calculated
according to summing the volumes of the shaft and the outer cylinder.

| 43 mm
| 26.5 mm
Set screw
Coil g’ g
Flat key J 2 &
Y S

Central shaft

/ MR bearing jl-_-ltjl

Figure 1. Structural design and prototype of the designed damper. The sectional view of the 3D

model is on the top right. The flux direction is marked with a gray line. The structural components of
the MR damper are on the left. The MR damper prototype, which is assembled from the components,
is on the bottom right.

The working principle of the MR damper relies on two different states of the MRG.
Without the current in the coil, MRG works as a normal grease with low viscosity and
low yield stress, which enables the bearing to rotate smoothly. However, when energizing
the coil with current, the MRG works as a sticky elastic solid with a high viscosity due
to the chains formed by the iron powders under the magnetic field, as shown in Figure 2.
Considering the narrow gap between the balls and the outer ring of the bearing, the chains
can easily keep the balls stuck and difficult to rotate. The damping force inside the bearing
is sufficiently large to keep the two rings rotating together. For this reason, the designed
MR damper can provide a high damping torque. The damping of the MR bearing can also
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be controlled by the current of the coil, which causes a large damping torque range of the
MR damper.

MR bearing

Figure 2. Chain aggregation behavior of the MRG in MR bearings: the blue circle at the top refers to
a bearing ball, while the bottom blue part refers to the outer ring of the bearing. Small black circles
represent iron powders, and yellow lines with arrows refer to magnetic induction lines.

3. Theoretical Analysis of the Torque of the MR Damper

A theoretical model was built to estimate the damping torque of the MR damper. Many
models describe the MR effect of MR materials [29] or the response of MR dampers [30-32],
among which the viscosity of the MR material under different external magnetic fields
has huge effects on the performance of the MR material or the dampers. The viscosity of
the MR material in dampers also generally relies on the magnetic field produced by the
currents in coils. Therefore, obtaining the relationship between the viscosity and the current
input is crucial. On the one hand, the relationship between the viscosity of the MRG and
the magnetic field was ascertained via material testing using a rheometer (Physica MCR
301, Anton Paar Co., Graz, Austria). In this study, three kinds of MRGs with different mass
fractions of iron powders were made. Specifically, the mass fractions of iron powders in the
MRGs were 20%, 30%, and 40%. The particle size of iron powder was 0.5 um on average.
The MRG was composed of iron powders and lithium grease, which is widely used in
bearing lubrication. On the other hand, the relationship between the magnetic field and the
current in the coil was built using magnetic field simulation after material testing,.

The viscosity of MRG is strongly influenced by the shear rate. In the material testing
of the viscosity of the MRG, the shear rate should be determined according to the actual
rotating speed of the bearings. This study assumes that the outer ring of the bearing is
static, the inner ring rotates at speed u, and the flow velocity changes linearly along the
radial direction. The shear rate v’ can be calculated by ¢ = Au/Ar, where Au =u — 0 = u.
The size of the bearing used in the experiments was 10 mm in inner diameter and 22 mm in
outer diameter, which indicates that Ar = 6 mm. The minimum controllable speed in the
experimental device was w = 0.016 rad /s, which was also the rotating speed of bearings.
The rotating speed u can be given by 1 = w - 7, = 7.85 x 107> m/s, where , is the inner
diameter of the bearing. By substituting these data into the equation " = Au/Ar, the shear
rate for torque testing is determined to be 7" ~ 0.01 s~ 1.

Tests on the viscosity of MRG at the abovementioned shear rate under different
magnetic flux densities were conducted, as shown in Figure 3. The MRG viscosity grew as
the magnetic flux density increased, which shows a satisfactory MR effect. In addition, the
MR effect indicated a yield trend when the magnetic flux density was large. The viscosity
grew more slowly or even remained stable with the increase in magnetic flux density.
This phenomenon is particularly obvious for the MRG with a smaller mass fraction of
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iron powder. Among MRGs with different mass fractions of iron powders, a larger mass
fraction led to a higher maximal viscosity. The zero-field viscosities of these MRGs were
near 0.2 x 10° Pa-s, of which the initial zero-field viscosity was slightly higher with the
increase in mass fraction. The total curve was approximately in an S-shape, which can be
described by a form of the Boltzmann function [33] in (1). In this equation, « is the mass
fraction of iron powders in the MRG, and B is the magnetic flux density. A;(x), Ax(«), xo(«),
and dx(a) shown in Table 1 are four parameters obtained from the fitting of the curves in

Figure 3 and the Boltzmann function shown in (1).

Aq(a) — Ag(a)

F

v(B,a) = Ax(a) +

o — 40% MRG’s Viscosity
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>
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Figure 3. Experimental measurements of the viscosity of the MRGs from top to bottom are 40%, 30%,
and 20%. The magnetic field varies from 0 T to 0.8 T, and the shear rate is 0.01 s L.

Table 1. Fitting parameters of the viscosity curves.

o Aq(x) Az(x) xo(xx) dx(x)
20% 8153 93,555 0.17559 0.08557
30% —19,297 2.0005 x 10° 0.17565 0.10752
40% —60,749 41824 x 10° 0.19812 0.13147

The variable range of the magnetic field provided by the electromagnet coils is also
essential for the MR damper. Measuring the magnetic flux density through a Gaussmeter
would be more accurate. However, setting a Gaussmeter for measuring was difficult
because of the lack of space for sensors. Therefore, the relationship between the magnetic
flux density and the current input was built via magnetic simulation. The magnetic field

analysis was conducted in COMSOL software.
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The analysis results are shown in Figure 4. In the simulation, a domain probe was
placed in the gap between the rolling balls and the MR bearing rings to measure the
magnetic flux density. As shown in Figure 4, the maximal magnetic flux density was
approximately 1.4 T at the place of the shaft in the middle of the coil, while the minimum
was near 0 T. The magnetic flux density in the gap versus the current is shown in Figure 4b.
As shown in Figure 4b, the magnetic flux density in the detection area was approximately
0.3 T when the current was 1.2 A. By fitting the curve with the Boltzmann function (the
adjusted R? = 0.9996), the magnetic flux density B is related to the current I by (2). Therefore,
the viscosity of the MRG and the current in the coil are related by combining (1) and (2).

0.2683 + 0.4575
B = 0.4575 — L2090 T OB )

55
1+ e 0:66%

mm 1 1 1 1
A141 05 Magnetic flux density
(a) 40 L4 (b)
35 12 0.4 - L
30 —~
1 =)
20.3 A -
25 g
0.8 %
=
20 2
[}
0.6 502
15 =
0.4
10 0.14 B
5 0.2
O 0.0 T T T T
v 2.46x10°8 0 1 2 3 4 5
0 10 mm Current (A)

Figure 4. Magnetic field simulation of the MR damper. (a) Magnetic flux density distribution of the
MR damper when the current in the coil is 1 A. (b) Magnetic flux density at the area of the MRG
around the rolling balls.

Many theories describe the torque of bearings, among which (3) from the article [34]
was found suitable for MR bearings.

P,
T = 2[ugDp(—=%) + Ko foDpw' /21?3 3)
sin 6
By substituting (1) and (2) into (3), the damping torque of bearings can be expressed
by (4): Vs
P Aq(a) — Ar(
T = 2[usDp(22%) + Ko foDje /2 (A (s) + 21— A28y @
sinf ARAPURTIO)
dx(a)
where Dy, is the pitch diameter of the ball track, P,y is the axial preload, 6 is the contact
angle, fo is the lubricant fill ratio, w is the rotational speed of the bearing, and yp and Ky
are empirical constants that can be tested in experiments.
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4. Performance Test of the MR Damper

The experimental platform designed to measure the torque of the MR damper is
presented in Figure 5. It is mainly composed of three parts. A servo motor with a rated
torque reaching 10 Nm lies on the left side. The device in the middle is a torque sensor with
a measuring range of 30 Nm and an accuracy of 0.1%. It outputs an analog voltage signal,
which is convenient for data acquisition and analysis. The MR damper is placed on the right
side. These devices are fixed onto the optical platform through aluminum alloy brackets.
They are connected by diaphragm couplings to keep the flexible link. Acquisition of torque
data and generation of control signals for the motor and the current in the coil are achieved
by a controller (myRIO-1900, NI Co., Austin, TX, USA). During the experiment, myRIO
controlled the rotation speed of the motor, and the motor drove the rotation axis connected
with the MR damper. The torque sensor measured the rotational torque transmitted on the
axis and delivered it to the myRIO. The damping force was adjusted through the current in
the coil, which was controlled by the output signal of the myRIO.

Speed control

= - Torque data

NI myRIO

Control signal

Power amplifier

Figure 5. Experimental setup for the torque test including motor, torque sensor, MR damper, and
other connection and location fixing parts.

During the control of the current in the coil, the coercive force of steel in the bearing is
nonnegligible and harmful to controllability. A quite high residual flux density is retained
in the steel when the excitation current is off. This condition greatly influences the dynamic
response of the MR damper. A control strategy was adopted to reduce the residual flux
density, where a sinusoidal current with decreasing amplitude was imposed on the coil at
the start of every test. The residual flux density decreased substantially as the direction of
the current reversed repeatedly and the amplitude decreased. Therefore, this strategy is
essential to reduce the influence of the residual flux density.

Quasistatic tests and dynamic tests were performed to evaluate the performance of the
MR damper. In the quasistatic tests, the motor rotated at a speed of 0.15 rpm to simulate
the quasistatic condition. This is crucial in the damping maintenance process, which often
occurs in many posture-keeping devices or heavyweight-holding devices. In the dynamic
tests, the motor turned at a higher speed of 10 rpm with periodically changing directions,
as rapid forward and reverse rotation is important in robot and exoskeleton applications.
Therefore, these tests were necessary to evaluate the performance of the MR damper.

Quasistatic tests were conducted to evaluate the maximum torque of the damper under
different currents. Three kinds of MRGs with different mass fractions of iron powders were
utilized in the experiment. The motor on the experimental platform rotated at 0.15 rpm in
a fixed direction. The current in the coil varied from 0 A to 1.2 A. Figure 6 indicates that
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MRG with a larger mass fraction of iron powders resulted in a larger peak torque at the
starting rotation process. Specifically, the maximum torques of the MR dampers with 20,
30, and 40 wt% MRGs were 1.4, 1.9, and 3 Nm, respectively.

3.0

——20%
{=—0—30% i
40% e
2.5 9 @ = 20%-Theoretical P

| 30%-Theoretical .
- &= 40%-Theoretical g

N
o

—_
(9]
|

Torque (Nm)

—
=]

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Current (A)

Figure 6. Torque—current curves of MRGs with different mass fractions: the three curves from top
to bottom represent MRGs with iron powder percentages of 40%, 30%, and 20%. The current varies
from 0 A to nearly 1.2 A.

Theoretical torque is calculated with (4) in Section 3. The empirical constants pg and Ky
are shown as follows: ug = —0.01785, Ko = 5.048 x 10~°. These constants were substituted
in (4) to calculate the theoretical torque, which was compared with the experimental torque
in Figure 6. The fitting parameters for the coefficient of determination are R? = 0.9571 and
adjusted R? = 0.9470, which indicates that the fitting process is successful with (4).

The volume of the MR damper was 15,366 mm?>. The maximum torque in the qua-
sistatic test was 2.92 Nm. Based on these data, the torque-volume ratio was obtained as
190 kN/m?. It was achieved when the current in the coil was approximately 1.2 A and
the power was approximately 10.9 W. Table 2 shows the comparisons between the MR
damper proposed in the study and other rotary dampers. In general, the proposed damper
has an extremely high torque—volume ratio. Specifically, the torque—volume ratio of the
proposed MR damper is approximately four times higher than that presented by Carlos
Rossa et al. [22], which is the highest ratio reported before.
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Table 2. Comparison among different rotary dampers.

. Demgnefl Carlos Rossa Lord Corp.  Senkal and Liu et al. Guo and Nam et al.

Parameters Unit Damper in etal. [22] RD-2078-1 Gurocak [37] Liao [38] [39]

This Study ’ [35] [36]

Max torque Nm 292 53 4 10.9 7 0.48 4.2
Length mm 43 39 35.7 89.7 21 18 38
Radius mm 13 30 96.6 31.75 78 25 60
Power \W 10.9 19 15 20 — — 52

Torque/vol.  kN-m~2 190 48.1 12.5 38.3 17.4 13.6 9.8

In the dynamic test, the MR damper utilized MRG with 40 wt% iron powder. This
test was intended to illustrate the relationship between the torque and the rotation angle.
An angle encoder was fixed near the shaft to measure the rotation angle of the damper,
and the output data of this encoder were also transmitted to the myRIO and saved in the
computer. A smoothing operation was applied to the collected data to filter the noise signal.
The results are shown in Figure 7.
60 . ; - 0.3
— Angle—OA
.............. Angle-0.2A
Torque-0A | 0.2
----- Torque-0.2A
j Ffe 0.
: oyt | =
p : ! ! ": E
5 : oo $
: : o}
2 ; 1 00 g
g ] 2
< S
—

—60

0.1

=
- T

>

o

-l
-

U i | ~0.2

| ; ; —0.3

0.0

0.5 1.0 1.5 2.0 2.5
Time (s)

Figure 7. Dynamic time-domain signal of torque and rotational angle. The sampling frequencies of
the current and torque signals are both 200 Hz.

Figure 7 indicates the relationship between the rotational angle and the torque. The
amplitude of the angle was nearly 50°. The speed was nearly constant in the experiments,
while the direction changed periodically. In each period, the torque changed abruptly when
the rotating direction reversed. The torque remained much steadier during the rest of the
period. The MR damper was tested at different currents in the coil. Figure 8 shows the
variation in torque—angle loops under different currents. In general, the maximum torque
and the energy dissipated per cycle increased simultaneously as the current rose. When the
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current reached 1.2 A, the amplitude of the torque reached 0.3 Nm, which is approximately
three times the torque without currents.

However, a defect in the designed MR damper appeared in the dynamic experiment.
Compared with Figure 6, the maximum damping torque decreased to 0.3 Nm, which is
only one-tenth of the torque in the quasistatic condition. This problem is probably due to
the fact that the MRG is distributed around the outer ring of the bearing due to centrifugal
force when the bearings rotate at high speed. This condition leads to the lack of MRG at
the gap between the inner ring and the rotational balls. Therefore, the proposed damper is
more effective in low-speed situations.

o 0A

0.4 4—-o—024
l—a—04a
0.3 Jmo—12a

0.2

0.1

|
e
I

Torque (Nm)

|
e
o
L

\
e
w

-0.4

—40 —20 0 20 40
Angle (°)
Figure 8. Torque—angle curve with different currents: the currents are 0 A, 0.2 A, 0.4 A, and 1.2 A.

5. Conclusions

In this study, a rotary MR damper based on MR bearings was proposed, fabricated,
and tested. The proposed damper equipped with MR bearings achieved an extremely high
torque density. The torque—-volume ratio of the damper reached 196 kN-m~2. Compared
with other rotary dampers in the existing studies, the proposed MR damper has a quite
high torque—volume ratio that is nearly four times higher than that of other dampers.
A theoretical model was also built in this study to calculate the theoretical torque of
the MR damper. The theoretical maximum torque was 2.7 Nm, which is comparable to
the experimental maximum torque of 2.92 Nm. This MR damper has great potential in
applications in robotic joints and aerospace, where a small volume and a high torque
are needed.
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