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In this article, application of smart fluids in the design of a magnetorheological damper is presented,
which consists of a semi-active suspension device whose operation is through a magnetorheological fluid
to allow infinitely variable damping force control in real time over a wide range and low power require-
ments. The damper design presented in this investigation operates in valve and sheave modes. In addi-
tion, the properties of the materials were considered giving emphasis to the magnetic permeability. By
means of the magnetic method of finite elements (FEMM), simulations were performed for the magnetic

ﬁé’f‘f’]ﬁi field analysis that occurs in the three coils. For the construction of the MR buffer, it was done in accor-
Smart fluids dance with the results of the finite element simulation (FEA). It was implemented in a prototype of trans-

Magnetically responsive femoral prosthesis.
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1. Introduction

In the last twenty years, extensive research has been conducted
on magnetorheological dampers, and different types of semi-active
systems have been developed [1]. With the development of devices
based on magnetorheological fluids [2], there is a way to counter-
act the problems of people with amputated limbs that are a direct
consequence of illnesses, wars, accidents at work, traffic accidents
and natural disasters, on a global scale it increases tens of thou-
sands each year [3]. According to the World Health Organization,
more than one billion people live around the world with some type
of disability, approximately 15% of the world’s population, a per-
centage that increases as the population ages and prevalence
increases of chronic diseases [4].

The operation of magnetorheological fluids lies in stable sus-
pensions of magnetizable micro particles dissipated in a carrier lig-
uid such as silicone oil or water. Magnetorheological fluids possess
rheological properties that can be controlled depending on the
presence of a magnetic field [5]. The magnetorheological dampers
have an important capacity to provide variable damping forces,
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also if any failure occurs the dampener can continue to operate,
depending on the characteristics of the state of the fluid.

In several investigations such as ElI-Wahed and McEwan [6],
Mazlan et al. the [7] and Mohd et al to the [8] presents the main
applications for magnetorheological fluids, which can operate in
flow mode, cut mode, valve mode and a combination of them.
For all cases the fluid is located between two plates, but different
operating conditions. For the flow mode, the resistance of the flow
can be controlled by the magnetic field. In the cutting mode, the
fluid is cut parallel to the plate that slides or rotates with respect
to the other plate. For the compression mode, a force is applied
to the plates in the same direction as a magnetic field and moved
towards each other or separated from one another. Because each
mode has its advantages and disadvantages, buffers were devel-
oped that use multiple modes of operation. Therefore, in this
research, a magnetorheological damper with a combination of
shear and valve was designed to prove that the combination of
these two modes of work could also produce a high damping force.

2. Design of damper

Magnetorheological fluids MRF 140CG are free flowing liquids
having a consistency similar to that of motor oil. However, in the
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presence of an applied magnetic field, the particles align with the
external field forming linear chains parallel to the field. This phe-
nomenon restricts the fluid movement and the yield strength
Trw) is developed. The degree of change is related to the magnitude
of the applied magnetic field, and can occur in only a few millisec-
onds. The Bingham plasticity model is effective at describing the
essential field dependent fluid characteristic [9,10].

2.1. Characterization of MRF 140CG

The characterization of the magnetic material was performed
according to DIN-53018, so, to determine the properties of MRF-
140CG [11], see Fig. 1, different tests were performed on the fluid
samples using a rotational rheometer Anton Paar Physica MCR-
501, equipped with a magnetorheological cell MRD-70/1Text and
a Julabo F-25 thermostatic bath system that allows to control the
temperature of fluid samples with a stability less than +0.1 °C.
The tests of the fluid were performed under the following
parameters:

Temperature: 20 °C, 30 °C, 40 °C and 50 °C
Magnetic field: 0 mT, 200 mT, 400 mT, 600 mT and 800 mT
Shear Rate: 0 to 350 rad/s

In Fig. 1(a), the flow curves of MRF-140CG for different shear
rates are shown. Tests were performed in the absence of a mag-
netic field up to a maximum shear rate of 350 s~! to avoid sample
scatter. It is observed that the fluid presents a pseudo-plastic beha-
viour and that the shear stress increases with the increase of the
shear rate. In Fig. 1(b), it can be seen that based on the Bingham
plastic model, the resistance to flow increases as the intensity of

the magnetic field increases, according to the regression Eq. (1),
where, y represents the total yield strength of MRF-140CG in kPa,
and x represents the magnetic flux density (B) in mT. The experi-
mental data from the flow curves has been parameterized by fit-
ting to each curve the Bingham rheological model, Eq. (1) [9], to
experimental data.

y =0.0556x — 0.7118 (1)

Trgy) = 0.0556 - 1000 — 0.7118 = 54.896kPa

Due to the space and weight limitations of the leg prosthesis, it
is considered to design an electromagnet that can generate a max-
imum magnetic flux density of 1.0 T, therefore, for 1000 mT the
total yield strength developed by the MRF-140CG fluid in response
to the applied field, is 54.896 kPa.

2.2. Dimensioning of the shock absorber

Based on the results obtained from the properties of the MRF
140CG, the dimensions and mass of the human body, the func-
tional requirements of the shock absorber, the maximum allowable
diameter of the shock absorber cylinder due to space restrictions in
the leg prosthesis (D, = 50mm), the dimensions of the shock absor-
ber and the flow channel h are determined, see Fig. 2, in order to
guarantee an adequate range of shock absorption to be used in
transfemoral prostheses, the calculations were made for different
values of the design variables until the optimal dimensions, which
comply with all the established functional parameters for the
magneto-rheological dampers. To ensure that when the shock
absorber is in the off-state, the person using the prosthesis remains
stable when standing and supported with both legs [12], it is estab-
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Fig. 1. Characteristics of the MRF-140CG oil-based MR fluids.
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Fig. 2. Geometry proposed for the magnetorheological damper.

lished that the uncontrollable force required, must be equal to half
the weight of a person with the 95th percentile, that is:
Fj7 =940/2 =470 N. By means of spreadsheet the calculations
are made for different values of the design variables. Next, the last
3 iterations are shown in Table 1, of which the optimum result was
obtained with a flow channel thickness h = 0.7 mm.

2.3. Calculation of charges

In addition, the following variables are used to calculate the
loads acting on the cylinder [13]: Non-controllable force F,, con-
trollable force F.), total force Fr, non-controllable pressure AP,,
controllable pressure APy, total pressureAP, dynamic range Ag.
The uncontrollable force F, = 482.06N due to the viscous resis-
tance of the fluid, is obtained from the following Eq. (1):

The controllable force F ) due to the shear stress induced by
the applied magnetic field, is obtained from the Eq. (4):

_ CTT(H)L

Frny = A A, =5766.22 N (4)

The total force Fr developed by the magnetoreological absorber
is:
Fr =482.06 + 5766.22 = 6248.27 N

The uncontrollable pressure AP, due to the viscosity of the fluid,
is obtained by means of Eq. (5):

125,QL
= #Q =0.2525 MPa (5)

AP,

The controllable pressure APy, due to the resistance to creep
induced by the magnetic field, is obtained from Eq. (6):

AP ) =

L
_ ”T,;m —3.1083 MPa 6)
Then, the total pressure APy in the magnetorheological damper
is: APr = 3.361MPa, and the dynamic range of the device is calcu-
lated from Eq. (7).
Fr(H)
Ja=1+-—=-=1296 7
a=1+ F,+F (7)
This value is close to the optimum value of the dynamic range
shown in [11]. Therefore, a wide range of control of the damping
force is guaranteed and the sizing of the damper is validated.
The minimum volume of active fluid available V, to generate
the damping force is given by Eq. (8):

whug\ 1217,QL Vg=w-L-h=184cm’ (8)
Fr= (1450 ) oy 2)
w Because the total volume of fluid in a well-designed device
The coefficient c is calculated from Eq. (3): must have 25 to 50 times the volume of active fluid, the appropri-
ate range for the total volume of fluid in the buffer is:
c=207+ 1+ 0=4Wh2‘5T(H) (3) 46 cm?® < Vy <92 cm’®
121,Q
Table 1
Spreadsheet used to find the optimum parameters configuration.
Design parameters Nomenclature Iterat.1 Iterat.2 Iterat.3
Diameter of shock absorber cylinder [m] D, 0.050 0.050 0.050
Diameter of the shock absorber piston [m] D, 0.046 0.0486 0.0488
Non-controllable force in the off-state [N] F’,I 470.0 470.0 470.0
Thickness of annular flow channel - Gap [m] h 0.0020 0.0007 0.0006
Equivalent width of the annular duct [m] w 0.1508 0.1549 0.1552
Viscosity of the MRF-140CG in the off-state [Pa-s] 1y, 0.8081 0.8081 0.8081
Maximum damping length [m] y 0.020 0.020 0.020
Time of the support phase in the walking cycle [s] t 0.456 0.456 0.456
Average piston velocity [m/s] 2 0.0439 0.0439 0.0439
Area of the cross section of the piston [m?] Ap 0.0017 0.0019 0.0019
Effective area of fluid passage [m?] Ae 0.0003 0.0001 0.0001
Volumetric flow of the shock absorber [m?/s] Q 0.0001 0.0001 0.0001
Effective axial length of the magnetic pole [m] L 0.4425 0.0166 0.0103
Average cutting area of the fluid [m] A 0.0667 0.0026 0.0016
Parameter function of the velocity profile c 2.1207 2.3913 2.4634
Controllable force dependent on the field [N] Fomy 42808.24 5766.21 4355.42
Non-controllable force in off-state [N] Fy 18.06 482.06 773.33
Total force developed by the shock absorber [N] Fr 42826.30 6248.27 5128.75
Dynamic range A 23719195 12.9615 6.6320
Pressure due to yield strength resistance [Pa] APy 2.58E+07 3.11E+06 2.33E+06
Pressure due to the viscosity of the fluid [Pa] AP, 9.96E + 03 2.52E+05 4.03E + 05
Total pressure in the shock absorber [Pa] APr 2.58E+07 3.36E + 06 2.73E+ 06
Minimum volume of active fluid required [m?] Vv 3.185E - 03 1.702E — 06 5.705E — 07
Minimum volume of active fluid available [m?] Vy 1.335E — 04 1.843E - 06 9.621E - 07
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2.4. Solenoid design

For the design of the shock absorber, a concentric piston is con-
sidered in a cylinder which contains MR fluid and a cushion cylin-
der. The piston consists of three coils each with a length of 17 mm,
with an outer diameter of 28.26 mm, which are wound in series on
the outer piston diameter of the 48.6 mm. An advantage of the use
of 5 different coils instead of simple coils lies in the fact that the
remaining inductance of the circuit is smaller and, therefore, the
reaction time is shorter [14] Taking into account that the piston
of the shock absorber also complies. The functionality of the sole-
noid core, it is important the appropriate selection of an optimal
material, which presents a high relative permeability, as well as
a resistance to the flow to resist the stresses that are generated
during the phases of damping. In this study, steel with a medium
content of AISI 1020 carbon whose permeability was p, = 2000
was selected as material. In the areas of shear and compression
the size of the coils is dimensioned according to the highest values
of magnetic field strength, H, which could be achieved by changing
the applied current [15]. The cable selected for the coil is copper
with a diameter of 0.8128 mm of type 20 AWG whose maximum
current value is 1A, with a number of layers of 10 that is required
to obtain 203 turns in each coil.

In order to check the parameters of the solenoid, it is analysed
by means of an interactive finite element software (FEA) to simu-
late and solve three-dimensional (3D) electromagnetism problems.
The boundary conditions assigned to perform the analysis are
shown in Fig. 3 (a). The direction of the current is alternating in
each coil so that the magnetic fields do not cancel each other
out. This is done by winding the coils in the opposite direction.
Fig. 3 (b) shows the distribution and direction of the magnetic field

Steel AISI 1020

B [teslal

generated by the three coils of the solenoid. The highest field
strength occurs in the solenoid core, mainly in the two central
disks of the piston and its magnitude is 10108 T. Fig. 3 (c¢) shows
the distribution of the magnetic field in 3D and determines that
the field lines have a radial direction, in such a way that it is guar-
anteed that the magnetic field crosses the flow channel in a direc-
tion perpendicular to the flow of MRF-140CG along the entire outer
circumference of each of the five semi-circular discs that make up
the shock absorber piston.

2.5. Piston design

The piston, under critical operating conditions, must withstand
the total damping force (Fr = 6248.27N) that is generated when
the magnetic field is induced by 1.0 T. This force acts proportion-
ally on the outer cylindrical surfaces of the four discs that make
up the piston. The relative permeability of stainless steel AISI
316 is u, = 1.003. The stress analysis of the piston is carried out
by means of a finite element analysis software with a meshing with
parabolic high-order tetrahedral solid elements, as shown in Fig. 4.

In the results of Fig. 5(a), it is observed that the maximum effort
of Von Mises occurs in the hole for the passage of the winding wire
and reaches a value of 254.81 MPa, however, since this effort is less
that the resistance to creep of the AISI 1020 steel, the piston resists
the maximum effort without failure. With respect to the distribu-
tion of the safety factor, in Fig. 5(b) it can be seen that the critical
areas of the piston are in the hole for the winding cable and in the
base of the circular discs of the piston, but as it is its minimum
value 2.423, it is concluded that the design of the piston is safe
and meets the resistance requirements under critical operating
conditions.
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Fig. 3. Magnetic field analysis: (a) Boundary conditions for the analysis of electromagnetism; (b) Distribution and direction of the magnetic field in the YZ plane; (c)

Distribution and direction of the magnetic field in 3D.
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Fig. 4. Boundary conditions in the shock absorber piston and characteristics of the piston mesh.
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Fig. 5. (a) Distribution of efforts in the piston; (b) Distribution of the safety factor in the piston.

2.6. Cylinder design

With the purpose of reducing the weight of the shock absorber
and at the same time guaranteeing its structural integrity and its
proper functioning when the maximum damping loads are acting
on it, the 7075-T6 aluminium alloy is used to manufacture the
cylinder. The relative permeability of aluminium 7075-T6 is
1, = 1.00002. Under critical operating conditions, the cylinder
must withstand the total pressure (APr = 3.361 MPa) that is gen-
erated in the damper when the MRF-140CG fluid is under the
action of a magnetic field of 1 T, this pressure acts on all the inter-
nal walls of the cylinder.

From the results of the stress analysis in the cylinder in Fig. 6(a),
it can be seen that the maximum Von Mises stress has a value of

won Mges (w2 (MPay
wWin
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183.21 MPa and occurs at the base of the cylinder, however, this
effort does not exceed the creep resistance of the material, so the
cylinder does not fail. In the distribution of the safety factor shown
in Fig. 6 (b), it can be seen that the critical areas are at the base of
the cylinder, but since its minimum value is 2.76, the wall thick-
ness of 2.5 mm is considered, it is suitable for the cylinder.

2.7. Assembly

Fig. 7 shows the 3D assembly of the main components of the
magnetorheological damper prototype with the parts designed in
the previous sections, then presents the built-in damper and is
finally installed in a transfemoral prosthesis prototype with elec-
tronic components. necessary for its operation.
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Fig. 6. (a) Distribution of efforts in the cylinder; (b) Distribution of the safety factor in the cylinder.
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Fig. 7. Assembly of the prototype magnetorheological shock absorber.

3. Conclusions

The design of a magnetorheological shock absorber is investi-
gated in this article. An analysis is carried out to determine the
dimensions of the shock absorber and the flow channel in order
to guarantee the adequate range for shock absorption. Engineering
design calculations are derived from the loads acting on the cylin-
der. The parameters of length, outside diameter, number of coils,
material for the solenoid, can be determined from the current
equations, finally simulations of FEA and FEMM are shown to val-
idate the design of the transfemoral prosthesis.

The results showed that the mixed mode damper MR has pro-
duced a unique damping characteristic where, in general, a greater
damping force has been obtained in mixed mode than in simple
mode reaching 6248.27 N.

The method of interaction of parameters using the calculation
sheet is suitable for the design of cylinders according to the char-
acteristics and parameters included in the model, so finite element
simulations corroborate the calculated requirements.
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