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Abstract. The article is about of research of the behavior of magnetorheological materials (MR), later it
will be implemented in a prototype leg prosthesis with active damping for people who have suffered
amputations in lower extremities, which considers the use of an actuator with Magnetorheological Fluids
(MRF) LORD MRF — 140 CG, whose control is based on the adjustment of the magnetic field applied to the
MREF using in its design the main parameters of anatomy and biomechanics of the foot-leg system, so that
the force applied in the course of the gait cycle it can be absorbed by the prosthesis, reducing the impact on
the user's column thus allowing the prosthesis to be subjected to tests for emulation in different positions

according to the applied load.
1 Introduction

The amputation of a lower extremity is a problem that affects
a specific number of people in the world, who when exposed
to a totally different environment, can develop feelings such as
distrust and insecurity until they adapt to the imminent need to
use a prosthesis that allows them to balance their rhythm of
life and re-establish the way they have lived up to that
moment. [1]. Nowadays the technological advance of the
prosthesis has allowed the patient to overcome the
inconveniences presented in everyday life [2,3]

In order to minimize the impact caused by the absence of
the lower extremity, Mechatronics as a synergistic effect of
the integration of different disciplines in the design of a
multidisciplinary system [4], it has developed a significant
revolution in fields such as assistance robotics and
rehabilitation of the lower extremities [5]. In Ecuador from
2007 to 2013 there are around 875 cases of traumatic
amputations of the lower limb, and this number is expected to
increase [6].

The willingness of patients to use a leg prosthesis with
active damping allows drastically improve their mobility and
enables them to participate in activities of daily living
improving their quality of life [7,8,9], to this is added the
natural movement and dexterity that a prosthesis provides. [3]

With the aim of avoiding the damages represented by the
use of a prosthesis, this prosthesis is based on the principle of
mass-spring-cushioned, the damping generated by a MRF
which is a material that can change viscosity according to the
applied magnetic field, can get to form a thick mass, all this
without changing its volume. [10]

This article has 5 sections, including the Introduction.
Section 2 describes the mechanical characteristics of the MRF.
Section 3 describes the design of the shock absorber. Section 4
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describes the tests and results of the prosthesis. Finally, the
Conclusions are presented in Section 5. In future works it is
expected to publish the results in the tests with real patients.

2 Fluid MR

The experimental procedure for the magnetorheological
characterization of the fluid MRF-140CG of LORD is
established. This procedure involves the use of the rotational
rheometer MRC-501 Anton Paar Physica together with the
cell MRD-70/1T coupled [11]. Together, a thermostatic bath
Julabo F-25 is made to maintain a temperature of 20 ° C, the
results obtained for a magnetic field of 0 T are shown in the
figure 1.
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Fig. 1. Shear stress vs. strain rate at 20 °C

Applying the Bingham model for MRF, the shear stress
equation is obtained (7), depending of the strain rate (y),
where the slope (1.338 Pa.s) represents the plastic viscosity
(n) independent of the magnetic field.

T=298+ 1338y )
Similarly, the equation that predicts the MRF shear
threshold for a magnetic field was obtained (y) of 600 mT,
and strain rate of 350 1/s, shown in the figure 2, from which a
value of 7,,(H) is obtained and it is 35117.639 Pa.
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Fig. 2. Yield Stress Vs Magnetic Field at 20 °C
3 Shock absorber design

3.1 Design Parameters

Ecuador is a multi-ethnic and pluricultural country. The
size and weight of its inhabitants vary according to genetics
and nutrition, taking as initial parameters, an average height of
the Ecuadorian man of 1.68 m — 1.70 m and a total body
mass of 70 kg[12].

According to the parameters of the Dempster and Clauser
model, the weight of the leg represents 4.3% of the total
weight of the body [13]. Therefore, the critical force that the
prosthesis must withstand in critical operating conditions is
3432.1 N generated by the mass of the entire body and
supported by the legs. For study reasons, half of the impact
force is considered to multiply it by a load factor of 1.2,
resulting in 2059.26 N which represents the design strength

(Fa).

It is considered that the MR damper works in valve mode
[18], shown in the figure 3.
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Fig. 3. Mode of operation of the MR fluid as valve.

MR Fluid

Where, w is the width of the magnetic pole w =
n(Dp + h), L is a length of magnetic pole and h is the angular
pipeline or gap.

In the design of the shock absorber is based on the
following established parameters, whose nomenclature is
shown in the figure 4.

Damping stroke cq =0.020m
Outer diameter of the cylinder D, =0.0421m
Thickness of the cylinder liner ty, = 0.006m
External diameter D, =0.0301m
Cylinder sleeve length L=0.01m

Maximum diameter of the magnetic pole D, = 0.022m

Coil length L,=0.01m
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Fig. 4. Scheme MR damper.

To calculate the average speed of the piston requires the
damping time that results 40% of the total duration of the
human gait cycle [14], which is At, = 0.456 s, which is the
time when all the weight of the body is supported by one leg.

Then, the average piston velocity that is calculated:

== 0044 = ()

3.2 Dimensioning of the MR shock absorber

The controllable force and the dynamic range are two of the
most important parameters in the evaluation of the overall
performance of the MR damper, [15] and for their analysis are
decomposed into:

Fryy+ Controllable force, dependent on a shear stress,

7,(H). [2]

Ty(H)LAp
RASEE his S
h

Fry =c¢ gn(V,) 3

F,.: Uncontrollable force, which is equal to the sum of the
frictional force and the plastic viscosity force.

F,. = 2F, =34335N

F, : Plastic viscosity force.

h.Vg. 12 .1.Q.L.A
Fp= 1+ =5 @
1
¢~ 207+ (5)

Friction force Ff, is of the same magnitude as the plastic
viscosity force F,. [18]. Where the value of c oscillates
between 2.07 and 3.07 calculated by the equation 7, Q is the

flow that is equal to A,.V, =m(D,— 2h)** % =

3
2.8743 x107° mTy Ap is the cross section of the piston that

is equal to m(D, — 2h)?/4 = 6.5325* 10~* m?. [15] and
with the previous equations the angular duct is calculated that
is equal to 0.0063 m.

The dynamic range (D) is defined as the ratio between the
strength of the shock absorber and the uncontrollable force F, .
[15].

D=—=1+
Fyuc Fn+Ff

(6)
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range is 7, taking into account that this force is equal to the
contact force of the ground when a person is standing upright,
in the resting state is equal to half the body weight, [15]
obtaining that the controllable force is:

E = F,; =2059.26 [N] ©)
3.3 Shock absorber cylinder design

It is necessary to consider the pressure that is generated
internally in the cylinder to determine the thickness of the
cylinder liner, the same that will be made of steel AISI 1050
HR, the thickness of the cylinder liner is determined t [17],

with the following equation:
APx1

P ®)

Where, the inner radius of the cylinder liner r =
0.01505m and maximum yield stress o =338 MPa,
resulting from the previous equation the thickness ¢, =

0.0361 mm, 112/5000

that is the minimum to withstand the pressure generated, so
for the design is assigned a wall thickness of 2 mm.

For the design of the stem take into account that it must be
able to transmit all the force without buckling or fracture, also
that it must be hollow to give space to the cables that excite
the coil, as shown in the figure 4.

t,, : wall thickness of the stem = 0.001 m

L, : stem length= 0.06 m

D,, : diameter of the stem = 0.01 m

g =

3.4 Design of the shock absorber stem

The stem is subjected to an analysis per column, in which
the critical load is determined as a short column, this analysis
is performed with the equation of J. B. Johnson [16], con S, =
276x106 Pa, E = 207x10°Pa y A = n(D,* — (D, — 2t,)?)/
4,

L_e)z

1_Sy(r

P, = AxS, —~ l = 7744 N )

P, =%= 2581 N (10)

Where, P, is the critical load of the column, A the cross-
sectional area of the hollow stem, P, is the allowable load for
the hollow stem and N is a safety factor that is equal to 3 for
this type of design. [18]

The admissible load is 2581 N which is greater than
2059.26 N which is the maximum load produced in the
cylinder, therefore, it is concluded that the design is safe.

3.5 Control Circuit Design

The design of the control circuit consists of a
microcontroller with the function of operating the
electromagnet, which in turn generates the magnetic field,

https://doi.org/10.1051/mateccont/201819202055
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according to the information received by a load cell, shown in
the figure 5.

Fig. 6. Leg prototype

4 Test and Results

To wvalidate the damper design several tests were
performed, the first test was conducted by using load sensor,
which records the load on the leg in function of time, this time
is equal to the damping time during the gait cycle human, and
its results are shown in figure 7.
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Fig. 7. Force vs. Damping time during the human gait cycle
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second
that subjects the MR damper to expansion and compression
continuously, with a current of 0 A, magnetic field of 0 T and
frequency of 1 Hz, the test results are shown in figure 8, from
which it can be seen that the maximum load during the

expansion is 102 kg.
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Fig.8. Force vs. Velocity at 0 A

In a third test, similar to the previous one, with a current of
1.8 A, magnetic field of 600 mT and frequency of 1 Hz, the
results of the test are shown in Figure 9, from which it can be
seen that the maximum load during the expansion is 250 kg
which is equivalent to 2450 N.

Through the calculations, it was established that the
necessary force for the damping is of 2059 N with a current of
1.8 A, and a magnetic field of 600 mT, but the tests showed
that the shock absorber can reach higher values, so that the
damper fulfills with the design requirements.
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Fig.9. Force vs. Velocity at 1.8 A
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5 Conclusions

e The maximum force required to obtain a suitable damping
is 2059.26 N, which is achieved with an input current to the
coil of 1.8 A creating a magnetic field of 600 mT.

e The minimum force provided by the prototype is 1000 N,
equivalent to 102 kg, with a current magnetic field of 0T, this
force is sufficient to maintain the weight of the user at rest, as
well as providing energy savings that can lengthen the time of
use of the prosthesis.
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show that as the current value increases, the damping force
increases and the displacement of the piston decreases. The
damping force is low for zero current and increases gradually

as the current increases.
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