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Smart sealing for magnetorheological
fluid actuators

Christian Hegger and Jürgen Maas

Abstract
In automotive and industrial environments, magnetorheological fluid–based applications such as clutches and brakes are
gaining continuously more attention. However, one of the serious challenges for their application are drag losses at high
shear rates. While viscous losses of the magnetorheological fluid can be eliminated by a magnetorheological fluid move-
ment control based on partially filled shear gaps, commonly utilized sealings also cause drag losses based on dry friction.
To overcome these challenges, in this contribution, a novel design of sealings for magnetorheological fluid–based actua-
tors is introduced eliminating the adverse drag losses. The intended sealing is based on the magnetorheological fluid
itself, positioned in a sealing gap and exposed to a well-defined magnetic stray field of a permanent magnet to prevent
any leakage. To eliminate drag torques, a superimposed functional principle with the magnetorheological fluid movement
control is utilized. An analytical and a simulation-based modeling approach is proposed describing the torque behavior of
the magnetorheological fluid sealing. In experimental investigations, the drag torque-free operation is proven by showing
a lossless operation above a defined rotational speed.
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Introduction

For a further efficiency increase in coupling elements
based on magnetorheological fluids (MRFs) applied in
many technical sectors, such as in wind turbines (Güth
and Mass, 2015) up to modern powertrains of electric
and hybrid vehicles (Gratzer et al., 2008; Herber et al.,
2016; Smith et al., 2007), a novel sealing design is devel-
oped in this contribution. MRFs are smart fluids
(Carlson, 2007), consisting of fine magnetic particles in
an oil-based carrier fluid, with the particular character-
istics of changing their apparent viscosity significantly
under the influence of a magnetic field. This property
allows the design of mechanical devices for torque
transmission, such as brakes and clutches (Maas et al.,
2011), with a continuously adjustable and smooth tor-
que generation. Coupling elements based on MRF
were already investigated in vehicles as differentials
(Gratzer et al., 2008), fan drives for trucks (Smith
et al., 2007), or as brakes inside the wheels (Nakano,
2016). Due to the viscous behavior of the MRF, high
differential speeds will cause high viscous losses, even
in the off-state without an applied magnetic field, as
similar occurring in conventional wet clutches (Xiang
et al., 2013). Hence, a conventionally MRF-based

clutch is not suitable as a starting or shifting clutch in
vehicles, where high differential speeds occur.

However, a drag torque-free operation of MRF-
based actuators can be achieved by a magnetically
induced MRF movement control (Güth and Mass,
2013) resulting in new perspectives regarding the
increase in energy efficiency and an improved dynamic
response for applications, for example, in powertrains
of vehicles, compared to conventional coupling ele-
ments. The MRF movement control is based on par-
tially filled shear gaps and on certain volume forces for
the movement of the MRF. Thereby, both the avoid-
ance of drag losses and a torque transmission can be
realized. In Hegger and Mass (2016b), different con-
cepts of the MRF movement control were investigated.
Therein, the conditional stable MRF movement con-
trol concept, having no permanent magnets (PMs),
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showed the highest capacity of torque which is selected
in this contribution. In Figure 1(a), the design of an
actuator equipped with the conditional stable MRF
movement control is shown. If the electromagnet (EM)
is activated by a current of I 6¼ 0 A, the MRF will be
moved by induced magnetic volume forces to ensure a
fluid contact between both rotating surfaces and a tor-
que transmission between the inner rotor and outer
rotor. By reducing the current to I = 0A, the MRF
will be moved close to the outer rotor due to rotational
acceleration forces to eliminate viscous losses. An
experimental investigation of this MRF-based clutch is
presented in Figure 1(b). A coupling process is shown
engaging the MRF-based clutch to accelerate the dri-
ven shaft up to a rotational speed of n= 210 s�1.
Disengaging the clutch by reducing the current to
I = 0A results in a drag torque of T = 0.5 N m. The
zoom in Figure 1(c) illustrates the avoidance of viscous
losses when disengaging the clutch. The remaining drag
torque is caused by the parasitic torque of the sealings
and bearings, as shown in Figure 1(b). Reducing this

drawback and thus increasing the energy efficiency
even further will be the challenging task of this contri-
bution. Applying magnetic fluid–based sealings instead
of conventional nitrile butadiene rubber (NBR)-based
radial sealings is already state of the art and applied in
several areas. Sealings based on ferro fluids (FFs;
Borbath et al., 2010) are commonly used for systems
requiring a high vacuum integrity and hermeticity.
Lifetime, dynamic range and parasitic drag torque are
considerable advantages compared to conventional
sealings. They are applied in hard disk drives (HDD),
CO2 lasers, high-power X-ray tubes, and many more
applications (Eagle Industry Co., Ltd, 2014; Raj and
Moskowitz, 1990). The design of a magnetic sealing is
based on an axial sealing gap in which the correspond-
ing magnetic fluid is exposed to the field of a PM.
Further design and material constrains are explained in
detail in Borbath et al. (2011). Nevertheless, the combi-
nation of FFs for sealing and MRFs for torque trans-
mission in the same shear gap seems not to be
applicable. Furthermore, sealings based on MRFs are

(c)

(a) (b)

Figure 1. Design of the (a) magnetic circuit and (b) mechanical setup of the conditional stable MR fluid movement control concept
and (c) measurements of the experimental investigation.
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also under investigation. In Kordonski and Gorodkin
(1996), a rotational sealing based on magnetic fluids
was realized. Therein, the behavior of FF and MRF
was investigated separately. The experimental investi-
gation shows many characteristic differences of the two
applied magnetic fluids. The most decisive difference is
the higher achievable critical pressure and the signifi-
cant higher drag torque at certain rotational speeds of
the MRF sealing. In Potoczny and Zachara (2012), the
influence of the amount of MRF volume of a radial
MRF sealing on the critical pressure was investigated
under the influence of certain rotational speeds and
sealing gap heights. Thereby, critical pressures up to
1.8 bar were measured. The mentioned contributions
dealt with magnetic fluid sealings to separate gas
volumes. In Lampe and Thess (1998) and Lampe
(2000), a MRF sealing for a MRF-based clutch was
experimentally validated showing a good accordance
with an introduced model. The design of the sealing is
based on a tapered gap. The tightness under the impact
of longer application downtimes and the torque beha-
vior under the influence of rotational speeds were not
investigated. In all contributions mentioned before, the
magnetic excitation system consists of PMs.

In this contribution, a sealing based on MRFs will
be designed and investigated. The novel approach will
eliminate the drag losses ascribed to conventional seal-
ings, on one hand, and the viscous-induced torque of
the MRF in combination with the MRF movement
control, on the other hand. After introducing the design
and functional principle of the MRF sealing, an analy-
tical modeling approach for the calculation of the
required rotational speed ensuring a drag torque-free
operation of the sealing is presented. The experimental
investigation shows the feasibility and restrictions of
the MRF sealing design. Based on this insights, an
extended design of the MRF sealing is proposed by
finite element analysis (FEA) of the torque behavior.
To prove the elimination of viscous- and frictional-
induced drag torques, on one hand, and the tightness
of the smart sealing during longer downtimes, on the
other hand, experimental investigations based on an
optimized sealing design are finally performed.

Fundamental MRF sealing

In this section, the functional principle and a design of
the smart MRF sealing are introduced. In addition, an
experimental investigation using a simple test setup is
presented.

Design

In Figure 2, the schematic design of a MRF sealing for
A MRF-based clutch equipped with a conditional sta-
ble MRF movement control is shown. In Figure 2(a),

the clutch is in standstill, and the MRF moves toward
the smart sealing due to the impact of gravity. Due to
the magnetic field of the PM, the yield stress of the
MRF is increased in the area of the radial shear gap.
Therefore, leakage is avoided. Under the impact of
higher rotational speeds (Figure 2(b)), the MRF will be
moved out of the sealing gap and placed at the outer
rotor by radial acceleration forces. Similar to the condi-
tional MRF movement control, drag torque can be
completely eliminated. Thus, the mentioned drawback
in Kordonski and Gorodkin (1996) of the MRF sealing
describing viscous-increased shear stress at higher shear
rates is avoided. Activating the EM in Figure 2(c)
results in a movement of the MRF from the outer rotor
toward the inner rotor to engage the clutch according
to the MRF movement control in Güth et al. (2013).
Consequently, the MRF is utilized to transmit torque,
on one hand, and to realize a sealing, on the other
hand, ensuring an energy-efficient operation.

To realize the drag torque-free operation of the seal-
ing, a critical speed vc has to be achieved. This critical
speed vc depends on the design of MRF-based actua-
tors and can be calculated by considering the following
force equilibrium

ft � fa = 0 ð1Þ

Therein, ft represents the volume force caused by the
yield stress and fa is the volume force induced by
radial acceleration. The volume force ft can be deter-
mined by the stress tensor S, describing the shear
stress in an infinitesimal element in the sealing gap, as
shown in Figure 3

(a)

(b)

(c)

Figure 2. Schematic design of the smart MRF sealing and
distribution of the MRF (a) during standstill, (b) at rotational
speed vc, and (c) during torque transmission.
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S=
sxx txz

tzx szz

� �
ð2Þ

Therein, s represents the stress and t is the shear stress
according to the Cartesian coordinates x and z. The
divergence of the stress tensor S results in a volume
force which is based on the magnetically induced stress
and shear stress

rS=

∂
∂x

sxx +
∂
∂z

tzx

∂
∂x

txz +
∂
∂z

szz

 !
= ft ð3Þ

In the sealing gap, the stress sxx, szz, and the shear
stress txz can be assumed to be close to zero. The volume
force due to radial acceleration can be determined as

fa =
vc

2 � rs � r
0

� �
ð4Þ

The parameter rs is the radius of the sealing gap and
r is the density of the MRF (4.2 g/cm3). Considering
the remaining shear stress tzx in equation (3) and the
radial acceleration from equation (4) results in

∂

∂z
tzx =v2 � rs � r ð5Þ

According to Figure 3, the effective shear stress tzx in
this approach depends on the z-coordinate. Under con-
sideration of the following expression, the shear stress
tzx at the smallest height hse of the sealing gap can be
calculated by

tzx zð Þ= 2 zj j
hse

� t0 Bzð Þ, �
hse

2
� z� hse

2
ð6Þ

According to Figure 4, the magnetic flux density in
z-direction can be assumed as almost constant, yielding
∂Bz=∂z’0. Solving equation (5) with v=vc under con-
sideration of equation (6), the critical speed results in

vc =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

hse � rs � r
� t0 Bzð Þ

s
ð7Þ

Consequently, the critical speed vc depends on the
height hse and effective radius rs of the sealing, the
applied type of MRF, and the magnetically induced
yield stress t0. This approach neglects the influence of
fluid dynamics and shear rates.

Experimental investigation

The first experimental investigation was performed
with a simple MRF-based test actuator illustrated in
Figure 4. The design is based on an inner stator and an
outer rotor. In contrast to the design in Figure 2, the
central positioned EM for the torque transmission and
the PMs for the sealings are removed. Instead, each
sealing is realized by an EM which enables an investiga-
tion of the MRF sealing in a wide range of operation.
The radius of the sealing gap is set to rs = 130 mm rep-
resenting the radius of a full-scale MRF-based clutch in
hybrid powertrains. In Figure 4(b), the distribution of
the magnetic flux density B is shown. The flux density
in the sealing gap is diminished under the impact of the
increasing sealing gap height hse. The dynamic pressure
of the sealing is approximately calculated by (Coulter
et al., 1993; Zhao et al., 2016)

Dp=

ðL
0

c:t Bz rð Þð Þ
hse rð Þ dr ð8Þ

Figure 3. Sectional view of the schematic design of the sealing
gap showing the distribution of the effective shear stress tzx .

(b)

(a)

Figure 4. (a) Design of the test actuator with enlarged
sections of the schematic design and (b) the distribution of the
magnetic flux density B of the MRF sealing.
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The parameter c = 3 considers the viscosity class of
the MRF. The length of the sealing gap is defined by
the parameter L. The calculation of the dynamic pres-
sure results in Dpc = 0.183 bar at a current of I = 1 A,
which corresponds very well with the measured dynamic
pressure during standstill of Dpm = 0.19 bar. Assuming
a degree of filling of b= 50%, the maximum occurring
pressure during standstill at the sealing is about
Dpmax = 0.06 bar. Thus, the achievable dynamic pres-
sure of the MRF sealing is sufficient. Next, the charac-
teristics of the drag torque will be investigated.

In Figure 5, the results of the drag torque measure-
ments are illustrated. During the measurement, the
rotational speed is slowly increased from v= 0 s�1 to
v= 415 s�1 ensuring a steady-state operation. Within
the acceleration up to a rotational speed of v= 30 s�1,
the drag torque increases due to the shear stress
enhanced by the increasing shear rate. Under the
impact of further increasing speeds, the measured tor-
que T drops down to the parasitic torque of the bear-
ings. Thereby, higher currents I of the EM require a
higher rotational speed vc. Consequently, the MRF is
moved out of the sealing gap and is superimposed with
the behavior of the conditional stable MRF movement
control. The value of the marked analytically calculated
critical rotational speed vc (equation (7)) for the corre-
sponding currents I occurs always beyond the initial
drop of the measured torque T .

This can be reduced to the MRF in the sealing gap
at higher shear gap heights hse where the MRF is

exposed to a lower magnetic flux density. This volume
will be moved out of the sealing gap at first. However,
the measured rotational speed for a drag torque-free
operation is approximately two times higher compared
to the calculated critical rotational speed vc. This can
be explained due to the neglected fluid dynamics and a
changing magnetic behavior. Due to the already
removed volume of the MRF during the initial drop,
the magnetic reluctance of the sealing gap has been
changed, and the magnetic flux density, respectively,
yield stress t0, in the remaining MRF is enhanced.
Additionally, the shear rate also increases the shear
stress of the MRF in the sealing gap. Although simpli-
fications and neglections are made to derive equation
(7), the analytically calculated critical speed vc indi-
cates the range of the rotational speed for a drag
torque-free operation. For a more detailed calculation,
simulations based on FEA will be introduced later.
Figure 5 contains also the drag torque caused by two
standard radial shaft sealings (Silvestri et al., 2006) in
dependency on the rotational speed. A similar increase
and drop of the drag torque under the impact on
increasing rotational speeds is observed, except that the
torque remains at T ’ 0.6 N m at v � 1000 s�1. It has
to be considered that the radius of the radial shaft seal-
ing is only rs = 35 mm, which explains the smaller tor-
que at the beginning of the measurement compared to
the MRF sealing with rs = 130 mm. A radius similar
to the MRF sealing would result in an enormous drag
torque of more than 7 N m, and in addition, the maxi-
mum sliding speed will be exceeded. Instead, the MRF
sealing holds the MRF directly in the shear gap by
which the response time can be increased during system
starts.

Tightness

During the experimental investigation, leakage did not
occur, and the MRF sealings were tight. However, after
2 weeks of standstill, a leakage of the carrier fluid of
the MRF at the lower area of the actuator was
observed, see Figure 6(c). This can be ascribed to the
sedimentation of the MRF. Under the impact of grav-
ity, the iron particles sediment in the shear gap, while
the carrier liquid accumulates in the upper area of the
shear gap. The pure carrier liquid passes the sealing
and gathers at the lowest area outside of the sealing, as
illustrated in Figure 6(b). A closer look at the structure
of the MRF sealing reveals the reason for the leakage.
The dynamic pressure of a MRF sealing consists of
two components, as investigated in Fujita et al. (1999).
On one hand, the dynamic pressure is based on the
magnetically induced yield stress of the particle chains.
On the other hand, the carrier liquid is located and
hold by capillary forces in the spaces between the parti-
cle chains which contribute to the dynamic pressure as
well. The pressure applied on a homogeneous particle

Figure 5. Steady-state measurement results of the drag torque
of the MRF test actuator equipped with two MR fluid sealings
under the impact of certain currents I and a speed ramp of
2666 r/min.
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distribution of the MRF affects mainly the chain struc-
ture of the MRF in the sealing gap. Instead, the pure
carrier liquid affects equally on both components. Due
to the capillary forces, the much weaker resistance
forces cannot prevent the leakage of the pure carrier
liquid through the spaces between the particle chains.
To increase the effect of the capillary force, the length
L of the sealing gap can be extended. But increasing the
length L would result in a higher drag torque which
may not be compensated during the acceleration phase.
Since there is no application without downtimes, the
tightness may be improved by changing the viscosity of
the carrier liquid or by reducing the size of the iron par-
ticles. But changing the characteristics of the MRF is
also not applicable. Thus, a new design of a MRF seal-
ing is introduced in the next section.

Optimized MRF sealing

During the previous investigation, a leakage of the car-
rier fluid was observed after longer downtimes. In this
section, an optimized MRF sealing will be presented to
ensure the tightness at any downtime.

Design

The investigated leakage of the carrier fluid was caused
by the sedimentation of the iron particles in the MRF
within the shear gap. Thus, in this approach, the sedi-
mentation of the MRF is intended to be prevented by a
magnetically increased yield stress of the MRF. In
Vicente et al. (2000), the effect of a magnetic field on
the sedimentation behavior of a suspension similar to
MRFs is already investigated. Therein, probes

were exposed to a slightly vertical magnetic field
(B = 2.5 mT). The impact of the applied magnetic
field cannot prevent the sedimentation, but the
speed of sedimentation was decreased significantly.
In this approach, the magnetic field will be increased
to create stable MRF chain structures in the shear
gap, in order to prevent the sedimentation com-
pletely. For the calculation of the required magnetic
field, two modeling approaches will be presented. It
is assumed that the capillary force of the carrier
liquid between the particle chains is sufficient to
resist the impact of the own weight during standstill.
The first approach is based on the dipole–dipole
model (Güth and Mass, 2016) by which the interac-
tion force between the particles in the chain struc-
ture can be calculated by

Fi
j =

8

3

m0 � p � r6
p � x2

eff

r5
ij

� H2
0 �
Xn

j6¼i

cos u rij +
2

3r2
ij

xeff � r3
p

 !" #(

k̂� cos2 u � 3+
2

r3
ij

xeff � r3
p

 !" #
rij � êr

)
ð9Þ

The parameter m0 describes the permeability of free
space, rp is the radius of the particle, r is the distance
between two particles j and i, H0 is the applied mag-
netic field in the shear gap, k̂ is the position vector of
the magnetic field, ê is the position vector of the dis-
tance between the particles, and n is the number of par-
ticles in the chain. The magnetic susceptibility xeff is

(a) (b) (c)

Figure 6. (a) Investigation of the tightness based on the half section of the MRF test actuator, showing the (b) distribution and
sedimentation of the MRF during longer standstill and (c) a picture of the leakage of the carrier liquid.
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described by the Froehlich–Kennelly relation to con-
sider the nonlinear magnetic behavior of the particles

x Hð Þ= x0 �Ms

x0 �Ms +H
ð10Þ

Therein, x0 is the initial susceptibility with x0 = 1000,
Ms is the saturation magnetization with Ms = 2.1 T/
m0, and H is the magnetic field inside the particle. The
approach is applied for the first and second areas in the
shear gap, compare Figure 7. In the first area, the parti-
cle chains are not sheared (u= 0) during standstill, and
the direction of the magnetic interaction force fm, Pos1 of
the homogeneous distributed particle chains is longitu-
dinal to the direction of the magnetic field, see Figure
7(a). Consequently, equation (9) can be simplified to

fm,Pos1 =
8

3

m0 � p � r6
p � x2

eff

r5
ij

� H2
0 �
Xn

j 6¼i

rij +
2

3r2
ij

xeff � r3
p

 !
� 3+

2

r3
ij

xeff � r3
p

 !" #
rij

" #( )

ð11Þ

In the second area of the shear gap, the direction of
the gravity is orthogonal to the direction of the mag-
netic field, see Figure 7(b). Under consideration of the
orthogonal direction, the magnetically induced reaction
force fm, Pos2 can be calculated by equation (9), accord-
ing to Güth and Mass (2016)

fm,Pos2 =
8

3
� m0 � p � r6

p � x2
eff � H2

0 � cos2 uð Þ � sin uð Þ�

Xn

j6¼i

1

r4
ij

3+
2

r3
ij

xeff r3
p

 !

ð12Þ

Therein, u describes the angle between the magnetic
field and the chain and is defined by the relation of
g =tan(u). The shear strain g is determined by 0.3,
close to the maximum value. To determine the relation-
ship between the applied magnetic flux density B in the
shear gap, the averaged applied magnetic field H0 and
the magnetic field inside the particle H , a numerical cal-
culation of the magnetic field has been carried out for
an homogeneous particle volume concentration of
cV = 0:47 as shown in Figure 8. In addition, Figure 8
shows also the longitudinally magnetic-induced interac-
tion force fm, Pos1 in area 1, the orthogonally magnetic-
induced interaction force fm, Pos2 in area 2 of a particle
chain, and the reaction force due to the gravity fg. A
magnetic flux density of B . 5 mT is already sufficient
to achieve a stable chain structure in the first area in
the shear gap avoiding the sedimentation. In the second

area of the shear gap, at least a magnetic flux density
of B . 14 mT is required.

In addition, the second approach based on the yield
stress t0(B) of the continuum given by equations (1)
and (3) is presented to prove the obtained results of the
previous approach. Since in this case no movement and
a homogeneous distribution of the MRF can be
expected, this modeling approach is also applicable.
The equation for the volume force due to radial accel-
erations fa is, therefore, replaced by the volume force
fg, given by

(a)

(b)

(c)

Figure 7. Schematic design of the shear gap showing (a) the
longitudinally magnetic-induced interaction force fm, Pos1, (b) the
orthogonal magnetically induced interaction force fm, Pos2, and
(c) the distribution of effective shear stress txy .

Figure 8. Calculated interaction forces between the particles
and the distribution of the magnetic flux density of the chain
structure.
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fg =
0

gr

� �
ð13Þ

to consider the influence of the gravity. To ensure a suf-
ficient value of shear stress, this approach considers the
horizontal plane in the second area (Figure 7(c)) of the
shear gap where due to gravity effects, the highest load
on the shear stress occurs

txy xð Þ= 2 xj j
hs

� t0 Bxð Þ, � hs

2
� x� hs

2
ð14Þ

The horizontal plane and the according parameters
are declared in Figure 7. The flux density distribution
in the x-direction can be assumed as almost constant,
! ∂Bx

∂x
’0, which results in

t0 Bxð Þ= gr � hs

2
ð15Þ

Therein, g is gravity and hs is the shear gap height
(2 mm). According to equation (15), a shear stress of
t = 42 Pa is required to withstand the impact of grav-
ity which corresponds to a magnetic flux density of
B = 18 mT confirming the obtained results of the pre-
vious approach. The modeling approaches show, on
one hand, that in the first region, already a magnetic
flux density of B = 5 mT ensures sufficient interaction
forces between the particles to withstand the impact of
gravity and, consequently, the sedimentation. In the
second area where the highest physical stress occurs, a
magnetic field strength of at least B = 14 mT is
required.

The magnetic flux density in the final shear gap
design will be chosen to be B = 40 mT to ensure a suf-
ficient safety factor. In Figure 9(a), the MRF test actua-
tor with an optimized design of the MRF sealing is

illustrated. The number of PMs is reduced to one. The
remaining PM is positioned within the inner magnetic
circuit below the center of the EM and ensures a suffi-
cient magnetic flux density in the shear gap to avoid
sedimentation. The design of the integrated PM causes
the leakage flux II. By an FEA, it was proven that this
design requires the lowest feeding power for the torque
transmission mode. Besides, this design allows a simple
mechanical construction of the stationary excitation
system. The magnetic flux in the sealing gap to ensure
the tightness is based on the enforced leakage flux I.
Since, the MRF in the shear gap is ‘‘freezed’’ by the
PM, the high dynamic pressure almost vanishes in the
sealing gap when compared to the previous design in
Figure 4. Consequently, the magnetically induced
yield stress, respectively, magnetic flux density, in the
sealing gap can be lowered to B = 40 mT, see Figure
9(b). Despite the main volume of the MRF in the
shear gap is ‘‘freezed’’ by the PM, some MRF in the
region between the sealing and shearing gap is not suf-
ficiently exposed to the magnetic flux due to the con-
struction. Thus, these MRF volume parts will still
move into the sealing gap during standstill and cause
drag torques in the acceleration phase. The design of
the proposed MRF test actuator in Figure 9 is based
on a serpentine flux guidance reducing weight, space,
and excitation energy (Hegger and Mass, 2016a). In
addition, the design of the sealing gap was adjusted to
reduce the drag torque during the acceleration phase.
Especially, the sealing gap length was reduced to
L = 1.5 mm. Furthermore, a two-dimensional FEA
simulation was performed to determine the drag tor-
que behavior of the sealings. Therein, the movement
of the MRF is calculated by Navier–Stoke’s equation
with the additional term ft to consider the volume
force due to the magnetically increased shear stress

(a) (b)

Figure 9. Schematic (a) design and (b) distribution of the magnetic flux density of the improved MRF test actuator for an optimized
MR fluid sealing effect.
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r � ∂v

∂t
+ v � rð Þv

� �
=h � Dv+ fg + fa + ft ð16Þ

Therein r describes the density of the MRF, v is the
velocity field, g is the acceleration due to gravity, v is
the angular velocity, and r is the position of the MRF.
Since in the transient simulation, the movement of the
MRF is utilized, the shear rate _g has to be considered
for the calculation of the shear stress t

t _g,Bð Þ= tM + tvis = t Bj jð Þ+h � _g = t Bj jð Þ+h � rv
ð17Þ

The shear stress of the MRF t( _g,B) is based on the
magnetically induced yield stress tM and the viscous-
induced shear stress tvis. To determine this quantities in
a two-dimensional rotationally symmetric simulation,
equation (3) is transformed into cylindrical coordinates
and extended by the shear rate

ft =
∂srr

∂r
+ srr

r

� �
� sgn ∂vr

∂r

� �
+ ∂tzr

∂z
� sgn ∂vr

∂z

� �
∂trz

∂r
+ trz

r

� �
� sgn ∂vz

∂r

� �
+ ∂szz

∂z
� sgn ∂vz

∂z

� �� �
ð18Þ

Hence, the simulation is based on fluid dynamics;
the correct sign of the volume force ft and direction of
the fluid movement are considered according to the
shear rate parts ∂v=∂r and ∂v=∂z and the sgn function.
The volume force ft is implemented in the simulation
software COMSOL Multiphysics 4.4 to investigate
the drag torque behavior of the sealing gap for different
rotational speeds v. In Figure 10, the calculated
torque behavior of the optimized design is presented
for certain rotational speeds. The calculation of the

torque T is performed along a evaluation contour
shown in Figure 11

dT = r � tM + tvisð Þ � 1
2

sgn u z� 0:5ð Þð Þ+ 1ð ÞdA ð19Þ

Under consideration of the sgn function, the level set
function u(z) distinguishes between air and MRF along
this torque evaluation contour, see Figure 11 showing
also the distribution of the MRF for different simula-
tion times.

In contrast to the measurements in Figure 5, the
simulated torque can be divided into a magnetically
induced torque TM and a viscous-induced torque Tvis.
The considered rotational speeds for this investigation
are v= 105 s�1 and v= 84 s�1. While the first speed is
sufficient to eliminate any drag torques by the MRF,
the acceleration forces at v= 84 s�1 cannot ensure a
drag-free operation. The simulation starts at the time
t = 0 s with an acceleration phase, whereby the MRF is
placed in an initial position connecting the inner rotor
and outer rotor, compare Figure 11(a). The magnetic
flux density in the sealing gap causes a constant
magnetic-induced torque of TM = 0.2 N m, repre-
sented by the green curve in Figure 10. Instead, the
viscous-induced torque in the shear and sealing gap

Figure 10. Simulation of the torque behavior of the improved
MRF test actuator for different rotational speeds v.

(a)

(b)

(c)

Figure 11. Simulated distribution of the MRF in the shear gap
at the rotational speed v= 105 s�1 according to Figure 10.
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increases during the acceleration phase, as observed in
the previous investigation (Figure 5). Under the impact
of the rotational speed, the MRF moves to the outer
rotor, and the connection between the inner rotor and
outer rotor decreases, Figure 11(b). The decreasing
connection of the surface results in a declining simu-
lated torque, compare Figure 10. After a time of
t = 0.6 s, the drag torque diminishes completely, and
the contact between the inner rotor and outer rotor no
longer exists, Figure 11(c). The simulation shows an
appropriate interaction between the MRF movement
control and the smart sealing. When a reduced rota-
tional speed of v� 84 s�1 is applied, a slight torque
transmission can occur due to the slight magnetic field
and also parts of the MRF remaining in the sealing
gap, visualized by the red curve in Figure 10. Thus, the
critical speed for this test actuator should be above
vc.84 s�1. The critical speed vc depends also on the
design of the MRF actuator itself, especially on the
shear gap diameter. Hence, the critical speed vc can be
reduced further. On one hand, the critical speed can be
reduced by increasing the diameter of the actuator and
by the rotational acceleration. On the other hand, the
magnetic field of the PM can be compensated by the
EM to reduce the magically induced forces.

Experimental investigation

According to the simulation results, the optimized
MRF test actuator was realized. Although the realized
MRF actuator is a clutch, the presented experimental
investigation of the torque behavior of the MRF seal-
ing in Figure 12 only considers the rotational speed of
the outer rotor v1. This scenario causes the highest

shear rates and, consequently, the biggest impact on the
torque behavior. The following measurements of the
drag torque are performed after a certain torque trans-
mission scenario with a operation time of 5 min and a
subsequent downtime of 15 min. During this down-
time, the MRF will be moved into the lower section of
the sealing gap by gravity. The sedimentation is pre-
vented by the PM as investigated before. The recorded
measurements after the mentioned downtime begin
with an acceleration phase for certain rotational speeds
of v1, as shown in Figure 12. With increasing speed,
the measured torque T rises up to T = 1.23 N m. This
increase can be explained by the distribution of the
MRF over the circumference of the sealing gap and the
increasing shear rate, which was already observed in
the simulation in Figure 10. Further increasing speeds
result in a decrease in the measured torque T due to the
MRF leaving the sealing gap. The following decrease in
the measured torque is almost comparable within the
first interval. Rotational speeds of v1.84 s�1 ensured a
drag torque-free operation, except the drag torque of
the bearings, which shows a good accordance with the
applied analyses before. The mentioned drag torque of
the bearings is characterized by the dashed red curve,
representing the averaged value. A further improve-
ment can be achieved when during the acceleration
phase the magnetic field of the PM is compensated by
the EM as mentioned. In contrast to the previous
MRF-based clutch with the radial shaft sealings in
Figure 1(c), the drag torque is significantly reduced also
under consideration of the higher effective radius of the
smart sealing. However, the experimental investigation
confirms the modeling approach and demonstrates an
effective measure to reduce the drag torque of MRF-
based actuators to a minimum by utilizing a smart seal-
ing. An exemplary application could be an MRF-based
starting clutch in a powertrain of vehicles, resulting in
the typical idle mode speed of v= 85 s�1. Of course,
the lossless operation should be achievable below the
idle mode speed to provide the highest energy effi-
ciency. Based on current research, an appropriate
design of an MRF-based clutch transmitting a torque
of more than 200 N m results in a sealing gap radius of
rs = 130 mm. As already shown in equation (5), the
movement of the MRF is based on volume forces.
Assuming an identical sealing gap design, an increased
sealing gap radius rs will reduce the speed requirements
for the lossless operation due to enhanced acceleration
forces

vc, app =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rs, exp

rs, app

� v2
c, exp

r
ð20Þ

Therein, the radius of the sealing gap of the experimen-
tally investigated MRF test actuator is rs,exp = 70 mm,
and the radius of the sealing gap of the exemplary
MRF-based clutch application is rs,app = 130 mm.

Figure 12. Measurements of the torque behavior of the
optimized MRF sealing for different rotational speeds v1.
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Consequently, the critical rotational speed can be
reduced to vc, app\62 s�1, to ensure a lossless operation
in idle mode.

Tightness

After certain dynamical experimental investigations,
the tightness of the MRF test actuator was investigated
after a standstill of 6 months. During this downtime,
the PM provides the calculated magnetic flux density in
the shear gap. The tightness was observed through an
upper and lower window at the sealing gap of the actua-
tor, see Figure 13. Daily observations confirmed that
the carrier liquid did not leak and thus confirmed the
modeling results that sedimentation could be avoided.

Conclusion

In this contribution, measures for a further reduction of
the drag torque of MRF-based actuators were devel-
oped. While viscous-induced drag torque can be already
eliminated by the MRF movement control, the objec-
tive of this publication was the minimization of the drag
torque caused by the sealings. To overcome both draw-
backs, a MRF-based sealing combined with a MRF
movement control was proposed and realized as a
MRF test actuator to prove both aimed targets. By
experimental investigation, a drag torque-free operation
was demonstrated in accordance with an analytically
calculated critical rotational speed vc. But due to sedi-
mentation of the MRF particles, a leakage of the carrier
liquid occurred during longer downtimes. Therefore, an
optimized design of the magnetic sealing was devel-
oped, reducing, in addition, the number of PMs for the
smart sealing function to only one. Therein, the tight-
ness of the smart sealing was improved by an additional

magnetic field of the PM ‘‘freezing’’ the MRF and thus
preventing the sedimentation of particles. Since no sper-
aration between fluid and particles occurs, any leakage
of carrier liquid during longer downtimes is avoided.
For the design of the smart sealing, a model-based
approach was presented. The first one is used to deter-
mine the minimum flux density to prevent the sedimen-
tation, while by the second one, the drag torque
behavior is described in detail. The approach is in good
accordance with the experimental investigations and
appropriate for future designs of smart sealings using
the MRF effect itself.
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