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Abstract:

Magnetorheological fluids can change their state from solid to liquid and vice versa. Hence, MRF-clutches are
able to transmit torque either in a slipping or in a rigid mode. The first part of this paper presents experimental
results concerning the yielding and engaging process. A criterion which denotes the demarcation between solid
and liquid mode was to be derived. Experimental data for Tyasa aNd Tmin-ayn Were obtained as function of the
magnetic field strength and it was shown that their values do not depend on the speed of change of the applied
torque. From these results, values for the static and dynamic yield stresses were computed, confirming the as-
sumption that the static yield stressis larger than the dynamic yield stress. The second part of this paper describes
the torsion response of a MRF-clutch resulting from varying torque under different magnetic fields. Investigated
guestions are: Can MRF in solid mode sustain a load without preceding creep? I's there a constant shear modulus?
Does it depend on the magnetic field strength? Experiments showed a nonlinear behaviour and that a permanent
deformation of the MRF has to be taken into account after release of aload.

Introduction

Magnetorheological clutches are distinguished by
very good controllability of transmitted torque, very
short reaction times and little wearout. The funda-
mental advantage over traditional clutches consists
in their ability to process electric control information
directly, i.e. without any mechanical links. Next to
their practical advantages, a wedth of information
concerning general properties of MRF can be ob-
tained from experiments with MRF-clutches.

Transitional Behaviour of MRF

Till today only little is known about the transitional
behaviour of MRF. Nevertheless, for various appli-
cation it is vital to prevent a drop of transmitted
torque while transitioning from solid to dipping
transmission.

The conducted experiments aim at measuring the
maximum static torque Thaxga (the maximum in
rigid mode transmittable torque) and the minimum
dynamic torque Tpingn (€0. further reduction of
torque below Tningn leads to engaging of the
clutch). These values are to be determined as func-
tion of the magnetic flux density B within the MRF.
From the measured torques the dynamic 1,4 and the
static Ty yield stress of the MRF shall be computed.

Experimental Setup

The experiments where made with the MRF-clutch
shown in Fig.1. The MRF 132 LD of LORD Corp.
was used. The thickness of the gap filled with MRF
was 1,75 mm on both sides. A controlled torque of
up to 100 Nm was provided by a servo motor of

Baumdiller GmbH. Electric coil current and torque

were controlled via PC.
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Fig. 1. MRF-clutch used for the experiments

The experimental setup permitted to record time,
coil current, torque and torsion angle (angle the disc
was distorded from zero angle position) at a rate of
50 Hz simultaniously. The torsion of the shaft as
function of the torque was computed separately and
subtracted from the measured torsion angle in order
to get the angle just the MRF was distorded.

The magnetic flux density B within the MRF was
computed by means of the FEM-program OPERA as
a function of the coil current. These computations
showed that B is almost independent of the radius
and a mean value of B as function of the coil current
can be assumed.

Experimental Procedure

The torque applied to the clutch by the servomotor is
varying with time like the dashed line in Fig.2. The
reason for choosing this function is such that the
clutch shall start to rotate upon exceeding a certain
absolute value of the torque(X.¢«) and that it shall
engage, e.g. stop rotation, upon falling the absolute
value of the torque below h.qn This procedure
was repeated several times to ensure stable condi-
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Fig. 2: Torque and torsion angle during experiments of the MRF has to be defined. Simply spoken — at
which torsion angle occur justf.ayn and Traxsia?
This derivation starts from the relation between shear
angle and shear force [1], assumes solid mode, and
results in an value for the angle of torsignfor the

Printing torque vs. torsion angle for a procedure as
shown in Fig.2 gives Fig.3.

1;(? clutch as a whole. Increasing the torsion of the clutch

0 aboveqgs; would result in a drop of torque transmitta-
z % ble in solid mode, thus leading to a break of particle
22 chains and transition to liquid mode.
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Fig. 3: Torque vs. measured torsion angle

for one experimental procedure Fig. 5: Restoring force F, induced by mag-

. . . netic field H (after [1])
Because the rotational speed of the clutch varies with With: b - distance between particles

time, acceleration torques have to be considered. 14 - internal permeability of particles
They were computed by multiplying the known mo- - .

ment of inertia of the disc and the shaft with the # - permeability of suispension
angular acceleration obtained from central differ-
ences of torsion angle over time.

In order to proof that the frequency of the applied
torque has no influence on the values obtained for

[1] gives the following expression for F
Fr = 3ua’H’p 1)
with: B - depending ompt and |

. . 4
Trhaxsa and Tmin_dyn a_precedlng expenme_nt was f = H[(Zf” +2fr)sin900329— stinae]
made. In this experiment torque vs. torsion angle 0
curves of the kind shown in Fig.3 were recorded for f=f=f,=1 (according to [1])

various frequencies of the applied torque. The coill
current was kept constant. The single loops of the
curves varied only very little, allowing to show just
excerpts for transition from solid to liquid mode and

a — particle radius
For determiningps not the absolute value of Fbut
only its dependency dhis of interest. This leads to:

vice versa. Fig.4 shows such curves of torque over F - 4sin@cos’ @ -sin® 9) @)
torsion angle. The torsion angle were corrected such r K4

that the solid mode of the MRF is at an angle of 0° with: K — length of particle chain (distance b multi-
and acceleration torques were eliminated. plied by number of particles in a chain)

The good agreement of the curves for various fre- The following Fig.6 shows the relation between the
quencies of the torque in Fig.4 proof the frequency shear angl® and the torsion angle of the clutch.

to have no influence onh.gyn aNd Tracsta - The torque transmitted by the MRF computes as:
Ror
T@= [F(ond ®)

Riner



Fig. 6: Relation between shear angle and the
torsion angle ¢ of the clutch
(only one gap filled with MRF shown)

From Fig.6 one can find for 8 and K:
9=arctanélr§sin(a@ . K2=S?+r2sin’gp (4

Introducing equations (4) and (2) into equation (3),
integrating from the inner to the outer radius of the
clutch, using Simpsons rule, results in Fig.7. Nor-
malizing the maximum torque to 1 eliminates the
need for knowing absolute values of F..
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Fig. 7: Computed normalized torque vs. torsion
angle @ of the clutch

Fig.7 proofes the torque transmitted in solid MRF
mode to have a maximum value at a certain angle
@ . Exceeding this angle results in a decrease of
transmittable torque, hence the MRF yields and
changesto liquid mode. From Fig.7 one can read:

@s = 0.85°

Experimental Results

From Fig.8, showing experimental results obtained
for various magnetic flux densities, one can read
Trmin-ayn a0 Tracsa (S€€ FiQ.9). These are the torques
occuring at Q.

Using the equations for Tmin.gyn and Tmacsa derived
in [2], the yield stresses of the MRF can be com-
puted from the geometry of the clutch and the tor-
ques shown in Fig.9. They are depicted in Fig.10.
Comparing Fig.9 with Fig.10, it is remarkable, that
Tracsat < Tminayn despite Tys>Tyq . This apparently
controverse observation is only possible because the
radial shear stress distribution in solid state (linearly
increasing with radius) is different from the distribu-
tion in liquid state (constant over radius) (see [2]).
This is surprising in the first view, but confirms the
following observation.

During further experiments a torque was applied to
the clutch by lever and weight. It was possible to
apply such aload, depending on the coil current, that
the clutch started to rotate in order to come to rest
after a few degrees of rotation. This procedure was
self repeating until the lever had rotated far enough
to decrease the applied torque considerably. This
phenomena of successive yielding and engaging can
only be explained by T uwga t0 be smaller than
Trin-ayn, €.0. the clutch yields at Tpa.ga @d because
Trin-ayn IS SMaller, it comes to rest again.
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Fig. 8: Torque vs. torsion angle for transition from
‘solid’ to ‘liquid’ and vice versa
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Fig. 10: Static and dynamic yield stresses of the
MRF 132 LD vs. magnetic flux density

Using the data obtained for 1,5 and 1,4 (Fig.10) and
the torque equations in [2], it is now possible to
design a clutch with zero torque jump while transi-
tioning between solid an liquid mode.



Torsion Response of a MRF-Clutch

This part of the paper is dealing with the solid mode
of MRF. Experiments were made also with the clutch
shown in Fig.1, but now the applied torque did not
exceed the magnitude necessary to make the clutch
yielding, eg. the MRF was al the time in solid
mode. The first question to be answered was. Can
MRF in solid mode sustain a load without preceding
creep? Therefore a constant torque was applied to
the clutch over a period of 48 hours, keeping the coil
current constant. The torsion angle was recorded
during this period of time and results showed no
measurable creep.

For the next experiment, a sinusoidal torque as
shown in the inner picture in Fig.11 was applied to
the clutch.

0.9

0.8 many cycles agree very well
_07
20.6
2
S05 B=419mT
S ]
@ o
|§ 0.4 ?‘85\(\ [V 100
E 80
0.3 .
“é 40
0.2 £
0.1 % 20 40 60
Time [s]
0
0 10 20 30 40 50 60 70 80 90
Torque [Nm]

Fig. 11: Torsion angle vs. torque for sinusoidal
torque of constant amplitude

From the curve shown in Fig.11, for other magnetic

flux densities analog curves were obtained, the fol-
lowing conclusions have to be drawn:

1. The maximum torsion angle caused by a time
varying torque as well as the remanence torsion
angle remaining after reducing the torque to zero
depends only on the magnitude of the maximum
torque.

2. Because on one hand the fresh curve is nonlinear

and on the other hand always a remanence torsion
exists, MRF in solid mode can not assumed to be
linear elastic bodies.

In order to permit a quantitative statement about the
deformation of the clutch, a sinusoidal torque with
varying amplitude was applied to the clutch. Fig.12
shows the result for such a procedure. It has to be
interpreted in such a way that the torsion angle went
trough the dops in sequence of the numbers ‘1’ to
‘6’. In Fig.13 and 14 the maximum torsion angle
(points ‘B’ in Fig.12) and the remanence torsion
angle (points ‘A’ in Fig.12) are drawn against the
maximum torque reached before reducing the torque.
From Fig.13 and Fig.14 one has to conclude that the
remanence torsion angle as well as the maximum
torsion angle increase stronger than linearly with
getting closer to the yielding torque.f¢« FOr in

relation to Tx.ga SMall torques the remanence and
the maximum torsion angle become independent of
the magnetic flux density.
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Fig. 12: Torsion angle vs. torque for sinusoidal
torque of increasing amplitude
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