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Fig.1 Structure of the flexible joint using an MR fluid

2  Design of Rotary MR Damper
2.1 Selection of initial structural parameters

As shown in Fig. 2, the MR damper mainly consists of
the end cap, excitation windings, cylinder barrel, damper
rotor, and drive shaft. The end cap, cylinder barrel, and
drive shaft are made of No. 20 steel, while the damper ro-
tor is made from electrically pure iron DT4. The material
magnetization curve can be obtained from Ref. [ 10]. The
relationship between the magnetic induction intensity and
the dynamic shear yield stress of the applied MR fluid
MRF450"" is the following:

Fig.2 Model of the rotary MR damper

7,(B) =25 827.6B" —45 068B" +69 831.3B° -
4 058.4B +56. 14 (1)

where 7 (B) indicates the dynamic shear yield stress; B
represents the magnetic field density.

Owing to the oil film effect'"” of the MR fluid, the gap
h of the MR fluid is selected to be 1 mm. The designed
structure is shown in Fig. 3, and Table 1 shows the initial
structural parameters.

Fig.3 Dimensional structure diagram

Table 1 Initial structural parameters mm
Fixed-value parameter Value || Fixed-value parameter ~ Value
Cylinder bore R, 37.5 Outer fluid length L, 9
Damper rotor radius R, 31.5 Effective axial gap L, 8
Coil winding radius R; 25.5 Cylinder axial length L; 16
. . Outer thickness of end
End cap inner radius R, 20
cap L,
End cap radial radius Rs 29.5 End cap thickness Ls 5
Contact damping outer radi- Winding axial length
33.5
us Ry Lg
. . Inner thickness of end
Cylinder outer diameter R, 45
cap L,

2.2 Design of the magnetic circuit structure

Taking the left end cap as an example (see Fig. 4),
the magnetic field lines pass through several components,
forming a closed magnetic circuit. These components in-
clude the cylinder barrel, the effective damping gap 6,,
the outer-rotor fins’ thickness ¢#,, the effective damping
gap 6,, the end cap fins’ thickness d, the effective damp-
ing gap 8,, the inner-rotor fins’ thickness ¢,,, the effective
damping gap 6,, and the end cap.

The magnetomotive force (MMF) F_ in a uniform
magnetic circuit can be expressed as

Fig.4 Schematic diagram of the magnetic circuit structure
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F_ =R _¢=NI (2)

where R is the magnetoresistance; ¢ indicates the mag-
netic flux; N denotes the winding turns; I represents the

current.
The corresponding effective magnetoresistance'” at
different positions is calculated as follows:
li
R, (3)

_:U*o:U“iSi

where u, is the vacuum permeability; w, is the relative
permeability of each effective part of the magnetic cir-
cuit; S, is the area of each effective part; [, is the effective
length of the magnetic circuit.

According to Eq. (3), the total magnetoresistance R,
is calculated to be 8.857 2 x 10° H™', and the total mag-
netic flux ¢ is found to be 0. 628 57 mWb. This causes
the total MMF of the magnetic circuit F_ to be 556.739 0
AT. To ensure that the coil current is within the safety
margin range, the coil safety current is set to / =3 A, and
the number of coil winding turns is rounded to N =200.

2.3 Mathematical model of the damping torque

To explicitly describe the rheological properties of MR
fluids, the Bingham model""' was adopted as the founda-
tion for deriving the mathematical model of the damping
torque.

=1 (B) +ny =7, (B) 4 (4)

where 7 is the shear stress of the MR fluid; 7 is the zero-
field viscosity; vy is the shear strain rate; r is the working
radius of the damping gap; w is the angular velocity.

The total output damping torque 7'"' generated by the
MR fluid in response to a magnetic field at radius r is ex-
pressed as follows:

T=1,(B)2mrL+nr 22w L+T, =T, +T, +T,
3

(5)
where L is the axial length of the effective working gap of
the MR fluid.

The total output torque of the damper consists of three
parts. The first part is the hysteresis torque 7T, generated
by the MR fluid in response to the magnetic field. The
second part is the viscous torque T, generated by the vis-
cosity characteristics of the MR fluid itself, while the
third part is the total friction torque 7, generated between
the sealing element and the rotating shaft.

The kinematic friction F,'"" generated by the sealing
element is the following:

F =2mfDip.,, (6)

where f'is the friction coefficient; D is the diameter of the

friction surface of the sealing element; [ is the width of
the contact surface; p_, is the average contact pressure of

o Considering the above data, the

the friction surface
friction torque generated by a single sealing element can
be obtained as 7, , = F.D/2=0.27 N - m.

The dynamic adjustable range K indicates the ratio of
hysteresis torque T, and viscous torque Tn“g]:

KZT (7

n
3 Simulation Analysis of Magnetic Current Cou-
pling
3.1 Simulation results
Through magnetic field simulations, we obtained the
distribution of the magnetic field density, as shown in

Fig. 5, and extracted the magnetic field density data at
each damping gap (see Table 2).

Magnetic field density/T:

45 2.4
35 2.0
g 1.5
£ 25 :
= 1.0
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5 1.89%107
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X/mm
Fig.5 Distribution of the magnetic field density

Table 2 Average magnetic induction for each damping gap
T
5, 5, 5, 5, 5, 86 5,
0.3915 0.0645 0.0930 0.2990 0.3093 0.09 9 0.0700

Owing to the opposing directions of the magnetic
field, the magnetic field density concentrates in the damp-
ing gaps, with its values listed in Table 2. The magnetic
field density is maximum at the damping gap 6,, while it
is approximately 0.3 T at damping gaps 6, and §,, and
under the effect of magnetoresistance, it is the smallest at
the damping gaps 8,, 0,, 6,, and 0,.

Substituting the magnetic induction from Table 2 into
Eq. (1) and then incorporating the dynamic shear yield
stress into Eq. (5), we can calculate the total damping
o =2.389 N - m.

As shown in Fig. 6, the simulation result shows that
the total simulated torque 7 is 2.275 N - m. It can be
seen that the simulation and theoretical calculations meet

torque 7,

the expected set damping torque.

When the drive shaft rotates, the effective damping gap
0, experiences the largest centrifugal force, resulting in
the pressure value at this gap 0,. Conversely, the pressure
values at the damping gaps 6, and d,, which are located
internally, are the smallest. The pressure values are illus-
trated in Fig. 7.
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Fig.6  Damping torque in simulations. (a) Cloud image distribu-
tion; (b) Damping torque of each damping gap
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Fig.7  Pressure distribution of the MR fluid. (a) Cloud image
distribution; (b) Pressure of each damping gap

3.2 Single-factor impact analysis

The thickness of the outer fins of the rotor ¢, varies
from 1.0 to 5.0 mm. According to Eq. (5), the damp-
ing torque generated by the damper is affected by the
magnetic field intensity and the damping radius. The
magnetic field intensity at 6,, 6,, 6,, and o, are small
(see Fig. 8(a)), with the magnetic field intensity at J,
being the largest. The magnetic field intensity at 8, rea-
ches its maximum at #, =3 mm, which corresponds to the
peak of the damping torque in Fig. 8(b).
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Fig.8 Thickness of the outer-rotor fins. (a) Magnetic field in-
tensity; (b) Damping torque

The fin thickness d of the end cap ranges from 1.0
to 4.0 mm. As d increases, the magnetic field intensi-
ty at §, to 9§, varies slightly, and when the magnetic
field intensity at 6, reaches a maximum value at d =2
mm, the corresponding damping torque also reaches a
peak value (see Fig.9).

The thickness of the inner fins of the rotor f,, varies
from 1.0 to 5.0 mm. As shown in Fig. 10, changes in
the 7,, weakly affect the magnetic induction intensity at
6,, while the magnetic field intensity at §, and &, increa-
ses significantly. Consequently, the total output damping
torque reaches its maximum at ¢,, =4.5 mm.
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Fig.9  Thickness of the end cap. (a) Magnetic field intensity;
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Fig.10  Thickness of the inner-rotor fins. (a) Magnetic field in-
tensity; (b) Damping torque

4 Optimization Based on Response Surface Meth-
odology

4.1 Response surface test design
To enhance damping characteristics without increasing
the damper’s volume, we selected the structural parame-

ters in the radial direction as the design variables. The
values are listed in Table 3.

Table 3 Upper and lower limits of design variables

Design variable Lower limit Upper limit

Thickness of outer-rotor fins f, 1 5
Thickness of end cap fins d 1 4
Thickness of inner-rotor fins 7, 1 5

The hysteresis torque T, and viscous torque 7, can be
obtained through simulations, and the dynamic adjustable
range can be calculated by combining Eq. (7). The re-
sults are listed in Table 4.

Table 4 Design and results of response surface tests

Test ‘, d o Damping torque  Dynamic adjustable
number T/(N - m) range K
1 1 1 3 2.555 21 5.298 18
2 1 4 3 2.469 04 5.611 61
3 5 1 3 2.580 13 6.739 01
4 5 4 3 2.099 29 5.662 48
5 3 1 1 2.466 99 5.506 81
6 3 4 1 2.387 24 5.847 73
7 3 1 5 2.559 84 6.128 56
8 3 4 5 1.955 08 4.650 8
9 1 2.5 1 2.470 64 5.183 55
10 5 2.5 1 2.385 88 6.223 28
11 1 2.5 5 2.373 83 5.219 48
12 5 2.5 5 1.992 02 5.407 94
13 3 2.5 3 2.426 24 5.853 77

4.2 Response surface model

The regression equation for the response surface meth-
odology (RSM) can be described as follows'"':

V=y(X,, Xy, .. X,) +& (8)

where y is the response target; x,, x,, ..., x, are design
variables; ¢ is the error between the actual response value
and the approximate one. In this paper it can be described

by a quadratic model.
k k k
y =B+ ZBixi + 23,7)6? + Zﬂzjxixj +te (9)
i=1 i=1 i j#Ei
where B, B;, B;, and B, are the regression coefficients to
be estimated.
Utilizing the data in Table 4 and Eq. (9), we can de-

rive a regression equation regarding damping torque and
dynamic adjustment range.

T=0.087 207¢, +0. 125 628d +0. 113 202¢,, —
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0.032 889¢,d —0.018 5661, 1,, —
0.043 752dt,, +2.189 79

K= -0.006 3597 -0.000 2324° -
0.079 9457, —0. 115 83t,d —0.053 21,1, —
0.151 556dt,, +0.657 3321, +0.644 9884 +
0.933 51¢,, +2.731 19 (11)

(10)

From the experimental results, the determination coef-
ficient for the damping torque is R =0.92, and the de-
termination coefficient of the dynamic adjustable range is
R’ =0.99, indicating that the model has a high degree of
fitting and can be used for reasonable predictions.

4.3 Optimization results

Through the regression equation of the response target,
the optimal structural parameters to achieve the maximum
output damping torque and dynamic adjustable range have
been identified as £, =5 mm, d =1 mm, and ¢, =3 mm,
which correspond to the output damping torque and dy-
namic adjustable range of 7, = 2. 52 N + m and K =
6.753 respectively. The detailed data are listed in Table 5.

Table 5 Structural parameters and damping characteristics be-
fore and after optimization

Parameters t,/mm d/mm t,/mm T/(N-m) K
Initial parameters 1 1 1 2.275 4.416
Optimization parameters 5 1 3 2.520 6.753

Compared with the initial structure, the optimized
damping torque is increased by 10. 8%, and the dynamic
adjustable range is increased by 52. 9% . These results
show that the adopted optimization method effectively im-
proves the output damping torque and dynamic adjustable
range of the damper.

5 Conclusions

1) We designed a variable stiffness actuation scheme
aimed at providing flexible damping torque for astronauts’
space motion, which effectively mitigates the impact on
astronauts.

2) Under the initial structural conditions, both the the-
oretical calculation and simulation solutions result in
damping torques that meet the preset target, demonstra-
ting the rationality of the initial structural design.

3) By employing the response surface method, two im-
portant parameters, namely damping torque and dynamic
adjustable range, are optimized. Compared with the ini-
tial structure, the optimized damping torque increased by
10. 8% and the dynamic adjustable range increased by
52.9%.
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