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(57) Abstract: A method for increasing
and/or modulating the yield shear stress
of an electrorheological fluid includes
applying a sufficient electric field to
the fluid to cause the formation of
chains of particles, and then applying a
sufficient pressure to the fluid to cause
thickening or aggregation of the chains.
An apparatus for increasing and/or
modulating the transfer of force or
torque between two working structures
includes an electrorheological fluid and
electrodes through which an electric field
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chains of particles are formed in the fluid
and, upon application of pressure to the
fluid, the chains thicken or aggregate and
improve the force or torque transmission.
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METHOD AND APPARATUS FOR INCREASING AND MODULATING
THE YIELD SHEAR STRESS OF ELECTRORHEOLOGICAL FLUIDS

FIELD OF THE INVENTION

The present invention relates to electrorheological fluids. More specifically, it relates to a
method for increasing and/or modulating the yield shear stress of electrorheological fluids and to an
apparatus employing such method.

BACKGROUND OF THE INVENTION

Electrorheological (ER) fluids and ER effects are well knowh in the art. Since the discovery
of ER fluids around 1947, many efforts have been made to increase the yield shear stress of ER fluids
to a level at which they can advantageously be used for various industrial applications, such as
actuators for torque transmission (such as clutch, brake, and power transmission), vibration
absorption (such as shock absorber, engine mount, and damper), fluid control (such as servo valve
and pressure valve) and many other industrial applications. ER fluids are generally more energy
efficient than hydraulic, mechanical or electromechanical devices which serve the same function.
However, the strength of ER fluids has not been generally high enough in the past. The search for
strong ER fluids has produced limited results. ER fluids currently have yield shear stress up to about
5 kPa in the presence of an applied electric field, not generally sufficient for major industrial
applications, most of which therefore do not utilize ER fluids. The present invention achieves
increased yield shear stress through a novel use of the microstructure properties of ER fluids.

The flow characteristics of an ER fluid change when an electric field is applied through it.
The ER fluid responds to the applied electric field by what can be described as progressively gelling.
More specifically, the ER fluid is generally comprised of a carrier fluid, such as pump oil, silicone
oil, mineral oil, or chlorinated paraffin. Fine particles, such as polymers, minerals, or ceramics, are
suspended in the carrier fluid. When an electric field is applied through the ER fluid, positive and
negative charges on the particles separate, thus giving each particle a positive end and a negative end.
The suspended particles are then attracted to each other and form chains leading from one electrode
to the other. These chains of particles cause the ER fluid to “gel” in the electric field between the
electrodes in proportion to the magnitude of the applied electric field. Thus, the prior art provides a
means to increase the yield shear stress (“effective viscosity”) of an ER fluid by application of an
electrical field, but the maximum yield shear stress thus attained (up to about 5 kPa) is still not

sufficient for use in most industrial applications.
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For the reasons described above, a method for increasing and/or modulating the yield shear
stress of ER fluids by a simple process would be desirable. In addition an apparatus employing such

method of increasing and/or modulating the yield shear stress of ER fluids would further be desirable.

SUMMARY OF THE INVENTION

The present invention is directed to a method for increasing and/or modulating the yield shear
stress of ER fluids and to an apparatus employing such method.

According to the method of the present invention, a sufficient electric field is first applied to
the ER fluid to cause particles within the ER fluid to form into chains of particles and to cause the ER
fluid to “gel” in the electric field applied between the electrodes. Then, a sufficient pressure is
applied to the ER fluid between the electrodes, while the electric field applied in the previous step is
substantially maintained. This causes the chains of particles to thicken and thus increases the yield
shear stress. The pressure and the shear stress may be applied in any direction, relative to that of the
applied electric field, which causes the chains of particles to thicken. When the increased shear stress
is no longer needed or needs to be modulated upwardly or downwardly, the pressure and, optionally,
the electric field are adjusted upwardly or downwardly as required.

In a first embodiment of the method of the invention, the pressure is applied in a direction
substantially perpendicular to that of the electric field, in which case the chains aggregate and thus
become thicker. In a second embodiment, the pressure is applied in a direction substantially parallel
to that of the electric field, in which case the chains become shorter and thus become thicker.
However, as contemplated in the present invention, the pressure may be applied in any direction with
respect to that of the applied electric field which results in thickening of the chains through a
combination of shortening and aggregation of the chains.

According to the apparatus of the present ‘invention, the ER fluid is placed between and in
communication with two working structures, between which a force or a torque is to be transmitted
(through the ER fluid). The ER fluid is also in communication with at least two electrodes having
different electric potentials, which serve to apply an electric field through the ER fluid when an
increase in the yield shear stress is desired. The electrodes may be on the same or different workihg
structures, or be separate from them. A sufficient electric potential is first applied to the electrodes to
cause particles within the ER fluid between the electrodes to form into chains of particles and to cause
the ER fluid to gel. Then, a sufficient pressure is applied to the ER fluid, suitably by bringing the

two working structures closer together, while the electric potential applied in the previous step is
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substantially maintained, to cause the chains of particles to become thicker and thus to increase the
yield shear stress. The increase in the yield shear stress resulting from the applied pressure causes
any force or torque which is provided by one working structure to be transmitted more efficiently to
the other working structure. When the more effective force or torque transmission is no longer
needed, the pressure and, optionally, the electric field may be removed. If an intermediately
effective force or torque transmission is needed, the applied pressure may be decreased while the
applied electric field remains applied at the same, a higher, or a lower level. Thus, once a higher
yield shear stress has been established, it may be modulated upwardly or downwardly as required by
increasing or decreasing the strength of the electric field, the applied pressure, or both.

In a first embodiment of the apparatus of the invention, the first working structure is
preferably electrically insulating, but may also be grounded electrically, and the electrodes are all on
the second working structure, the working surface of which is parallel to the working surface of the
first working structure. In this embodiment, the chains of particles form in the vicinity of the second
working structure, between electrodes through the ER fluid. Pressure is applied in a direction
perpendicular to that of the electric field by bringing the two working surfaces closer together, which
causes aggregation of the chains into thicker chains, providing an increase in the yield shear stress.
In one variation of this embodiment, the electrodes have an alternating arrangement on the second
working structure, separated by insulating zones, so that neighboring (adjacent) electrodes have
different electric potentials. However, other electrode arrangements are possible with similar results.
In addition, other variations of this embodiment are possible in which the two working structures are
not parallel and/or not planar.

In a second embodiment of the apparatus of the invention, the two working structures are
parallel and each one serves as an electrode. In this embodiment, the chains of particles form
between the two working structures, through the ER fluid. Pressure is applied in a direction parallel
to that of the electric field by bringing the two working surfaces closer together, which causes the
chains to become shorter and thus thicker, again providing an increase in the yield shear stress.
Variations of this embodiment are also possible in which the two working structures are not parallel
and/or not planar.

It is to be understood that both the foregoing general description and the following detailed

description are exemplary, but not restrictive, of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the first embodiment of an apparatus according to the present invention,
with multiple electrodes on one of the working structures, the applied pressure being perpendicular to
the electric field and the shear stress being applied parallel to the electric field.

FIG. 2 illustrates the first embodiment of an apparatus according to the present invention,
with multiple electrodes on one of the working structures, the applied pressure being perpendicular to
the electric field and the shear stress being applied perpendicular to the electric field.

FIG. 3 illustrates a variation of the apparatus of FIG.2.

FIG. 4 illustrates the second embodiment of an apparatus according to the present invention,
with one electrode in each working structure, the applied pressure being parallel to the electric field
and the shear stress being applied perpendicular to the electric field, the apparatus being connected to
a system used in measuring the yield shear stress of the electrorheological fluid, under compression.

FIG. 5 is a graph showing the results of a yield shear stress measurement in which pressures,
under different constant electric fields, having different values and having been applied to the
electrorheological fluid according to the apparatus of FIG. 1.

FIG. 6 is a graph showing the results of a yield shear stress measurement in which pressures,
under different constant elecfric fields, having different values and having been applied to the
electrorheological fluid according to the apparatus of FIG. 2.

FIG. 7 is a graph showing the results of a yield shear stress measurement in which electric
fields, under different constant pressures, having different values and having been applied to the
electrorheological fluid according to the apparatus of FIG. 1.

FIG. 8 is a graph showing the results of a yield shear stress measurement in which electric
fields, under different constant pressures, having different values and having been applied to the
electrorheological fluid according to the apparatus of FIG. 2.

FIG. 9 is a graph showing the results of a yield shear stress measurement in which pressures,
under different constant electric fields, having different values and having been applied to the
electrorheological fluid according to the apparatus of FIG. 4.

FIG. 10 is a graph showing the results of a yield shear stress measurement in which electric
fields, under constant pressures, having different values and having been applied to the
electrorheological fluid according to the apparatus of FIG. 4.

Like reference numbers denote like elements throughout the drawings.
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DETAILED DESCRIPTION OF THE INVENTION

The present invention increases the yield shear stress of electrorheological (ER) fluids, by
producing a change in their microstructure through the application of pressure. Referring to FIGS. 1-
10, the present invention is directed to a method for increasing and/or modulating the yield shear
stress of ER fluids and to an apparatus employing such method.

The method for increasing the yield shear stress of an ER fluid 10 according to the present
invention comprises the steps of:

a) applying a sufficient electric field to the ER fluid 10 to cause particles within the ER fluid
10 to form into chains of particles within the electric field; and

b) applying a sufficient pressure to the ER fluid 10, after step a) and whjle substantially
maintaining the electric field applied in step a), to cause the chains of particles to thicken or aggregate
and thus impart to the ER fluid 10 an increase in the yield shear stress.

Further, following increasing the yield shear stress of the ER fluid 10 according to steps a)
and b) above, the yield shear stress can be modulated by one of the following additional steps:

¢) decreasing or increasing the applied pressure, after step b), to modulate the yield shear
stress downwardly or upwardly as required to adjust the force or torque being transmitted from one
working structure to another working structure;

d) decreasing or increasing the applied electric field, after step b) to modulate the yield shear
stress downwardly or upwardly as required to adjust the force or torque being transmitted from one
working structure to another working structure; or

¢) combining steps c) and d) to modulate the yield shear stress downwardly or upwardly as
required.

An example of the method above described for increasing and/or modulating the yield shear
stress of an ER fluid 10 according to the present invention comprises the steps of:

a) applying a sufficient electric field to the ER fluid 10 to cause particles within the ER fluid
10 to form into chains of particles within the electric field;

b) applying a sufficient pressure to the ER fluid 10, after step a) and while substantially
maintaining the electric field applied in step a), to cause the chains of particles to thicken or aggregate

and thus impart to the ER fluid 10 an increase in the yield shear stress;
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¢) decreasing or removing the applied pressure, after step b) and while substantially
maintaining the electric field applied in step a), to cause the thickness of the chains of particles to
decrease and thus impart to the ER fluid 10 a decrease in the yield shear stress; and

d) repeating steps b) and c) as needed.

In this example of the method of the invention, because the electric field remains, the yield
shear siress that remains after step c) is not zero, as it would be if the electric field were also
removed. It may be noted that the maximum yield shear stress which can be obtained with most ER
fluids in the absence of applied pressure is so low (typically 5 kPa or less) that removal of the electric
field will not be necessary in some applications, for which this example of the method of the
invention will thus be adequate.

In each of the embodiments and examples described herein, it is preferred that the ER fluid
10 has a volume fraction not too low or too high and comprises dielectric particles in a non-
conducting liquid, such as oil, like (but not limited to) pump oil, transformer oil, silicon oil, etc. The
term “volume fraction”, as used in the present application, refers to the volume of net dielectric
particles relative to the volume of the ER fluid, and its useful range of values is wéll known in the
prior art pertaining to ER fluids. The tests of the present invention with a volume fraction of 35%
give an excellent result, but tests with other volume fractions work well too, for example, a volume
fraction of about 10% to about 60%, more specifically about 20% to about 50%.

For the methods of the present invention being described, each of the steps may be carried
out at varying parameters and conditions. The parameters and conditions which are disclosed allow
one of skill in the art to carry out the particular described method(s), but are not intended to imply
that the particular described method(s) cannot be effectively or efficiently carried out at other
parameters and/or conditions. The specific parameters and conditions chosen may vary due to many
factors, such as the particular ER fluid being used, the desired increase in or level of yield shear
stress of the ER fluid, the specific apparatus or device required to carry out these methods, etc.

The step of applying an electric field, or step a), of the embodiments described in the present
application causes the particles within the ER fluid 10 to form into chains of particles when a
sufficient electric field is applied to the ER fluid 10, via electrodes, by direct application to the ER
fluid 10, or by any other known suitable method. For example, the electrodes may be separated from
the ER fluid 10 by an electrically insulating layer and still apply a sufficient electric field (albeit more
or less attenuated) to the ER fluid 10. There is no hard limit as to the strength of the electric field

being applied in this step, but the useful range of values is well known in the prior art pertaining to
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ER fluids. The electric field should be sufficiently high such that an adequate number of chains of
particles are formed in the ER fluid 10. The electric field applied may, for example, be in the range
of about 500 V/mm to about 3000 V/mm, more specifically about 1000 V/mm to about 2000 V/mm.
The electric field may be DC or AC.

The step of applying pressure, or step b), of the embodiments described in the present
application causes the chains of particles that are formed in step a) to thicken when a sufficient
pressure is applied to the ER fluid 10 while the electric field is being maintained. The thickening of
the chains provides the ER fluid 10 with an increase in yield shear stress. The step of applying
pressure is required to occur after step a) and while the electric field applied in step a) is substantially
maintained. The pressure applied may be in the range about 50 kPa to about 850 kPa, but can be
lower or higher, depending on the magnitude of the increase in yield shear stress which is required.
The pressure may be applied in any direction relative to that of the applied electric field, including in
particular, in a parallel direction (in which case the chains shorten and thus become thicker) or in a
perpendicular direction (in which case chains aggregate and thus become thicker).

An apparatus employing the method for increasing and/or modulating the yield shear stress of
an ER fluid 10 according to the present invention comprises two working structures, between which a
force or a torque needs to be transmitted and an ER fluid 10 between them and in communication
with them. The ER fluid 10 between the two working structures is also in communication with at
least two electrodes having different electric potentials, which serve to apply an electric field through
the ER fluid 10 when an increase in the yield shear stress is desired for the purpose of better
transferring a force or torque between the two working structures. The electrodes may be part of one
or both working structures, or may be separate from both of them, provided that they are within, or
near the boundary of, the region between the two working structures. According to the method of the
present invention, a sufficient electric field is first applied to the ER fluid 10, between the working
structures, to form chains of particles and to cause the ER fluid 10 to “gel”. The electric field is
generated by applying an electric potential difference between the electrodes. Then, a sufficient
pressure is applied to the ER fluid 10, suitably by bringing the two working structures closer
together, while the electric potential difference applied in the previous step is substantially
maintained, to cause the chains of particles to become thicker and thus to increase the yield shear
stress. The increase in the yield shear stress resulting from the applied pressure improves the

transmission of any force or torque between the working structures. When the improved force or
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torque transmission is no longer needed, the pressure and, optionally, the electric field are removed
or modulated upwardly or downwardly as required for a particular application.

In a first embodiment of the apparatus of the invention, the first working structure is
preferably electrically insulating, but may also be grounded electrically, and all electrodes are on the
second working structure as shown in greater detail in FIGS. 1-3. In this embodiment, the chains of
particles form in the vicinity of the second working structure, going between electrodes through the
ER fluid 10. Application of pressure is made by bringing the working structures closer together, and
causes aggregation of the chains into thicker chains, thus leading to a higher yield shear stress and
improved force or torque transmission. In this embodiment, the applied pressure and the electric
field are perpendicular. In one variation of this embodiment, shown in FIGS. 1 and 2, linear parallel
electrodes 25, 27 have an alternating arrangement on the second working structure 22, separated by
insulating zones, so that neighboring electrodes 25, 27 have different electric potentials. Ina
variation of this embodiment, shown in FIG. 3, the apparatus 12 have electrodes 15, 17 that are
circular and concentric. Many other variations are possible which maintain the essential features
required to apply the method of the invention including, for example: (1) working surfaces that are
not parallel to each other or are not planar (for example, concentric spherical sections), (2) electrodes
which are part of a grid (open or not) which is not attached to either of the working structures but is
between them, or (3) electrodes which are separated from the ER fluid 10 by an electrically insulating
layer or membrane.

Referring to FIGS. 1 and 2, apparatus 20 according to the first embodiment of the apparatus
of the present invention comprises a first working structure 18, a second working structure 22,
metallic strips which serve as electrodes 25, 27, insulating barriers 24, 26, and an ER fluid 10. The
first working structure 18 has an inner (bottom, in the figures) insulating surface 28 (which is in
contact with the ER fluid 10), an outer surface 30, and a plurality of sides 32. The electrodes 25, 27
of this embodiment are embedded in the inner (top, in the figures) surface 29 (which is in contact
with the ER fluid 10) of the second working structure 22 and are separated by insulating barriers 24,
26. The electrodes 25, 27 are positioned in an alternating arrangement such that each positive
electrode 25 is positioned next to at least one negative electrode 27. The terms “positive” and
“negative” in respect to the electrodes are not meant to convey any relationship to electric ground
but, rather, to indicate that one electrode (positive) is at higher electric potential than the other

(negative). Furthermore, the polarities (positive and negative) of the electrodes may be reversed
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without affecting the operation of the apparatus. This arrangement generates a sufficient electric field
to align the particles of the ER fluid 10 into chains of particles which align in the ER fluid in the
direction of the applied electric field. As illustrated in FIGS. 1 and 2, the top surface of the
electrodes 25, 27 and the top surface of the barriers 24, 26, defining a working surface, are leveled,
flat, smooth, and parallel to the inner surface 28 of the first working structure 18. This minimizes
the viscous friction between this working surface and the ER fluid 10 when the electric field is not
applied. The ER fluid 10 is positioned between the working structures 18, 22. When the apparatus
20 is in use, the working structures 18, 22 can be moved toward and away from each other. The first
apparatus 20 and its variations, such as that illustrated in FIG. 3, are believed suitable for many
industrial applications such as automobile clutch, torque transmission, etc. FIGS. 1-3 assign to the
first working structure 18 all movement producing the applied pressure. In practice, movement of
either or both working structures 18, 22 may contribute to the applied pressure.

In a variation (not illustrated) of the embodiments shown in FIGS. 1 and 2, all the electrode
strips 25, 27 at the same electric potential may be combined into a single comb-shaped electrode
having teeth so that the teeth of the positive comb-shaped electrode are intercalated between the teeth
of the negative comb-shaped electrode. Each one of these two comb-shaped electrodes may be
constructed by tying together all of the individual electrode strips 25, 27, shown in FIGS. 1 and 2, at
the same electric potential through an electrically conducting cross-bar (either under the plane of the
individual electrode strips or in the same plane as the individual electrode strips), or it may be
manufactured as a single piece of the same comb-shaped electrode. A similar variation may be
applied to the embodiment shown in FIG. 3.

In a further variation (not illustrated) of the first embodiment of the apparatus of the present
invention, the electrodes are arranged in a two-dimensional array of alternating electrodes at different
electric potentials, i.e., the two-dimensional equivalent of the one-dimensional arrays shown in FIGS.
1 and 2. Alternatively, the entire working surface, may serve as the single electrode at one electric
potential, incorporating a two-dimensional array of holes permitting insertion of the electrodes at the
other electric potential (and any insulating spacers). In either case, individual electrodes may be tied
together, under the plane of the individual electrodes, into the two-dimensional equivalents of the
comb-shaped electrodes described in the preceeding paragraph.

In a second embodiment of the apparatus of the invention, each working structure serves as
an electrode to which a different electric potential is applied. In this embodiment, the chains of

particles form between the two working structures, through the ER fluid. Application of pressure
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causes shortening of the chains, which become thicker, leading to a higher yield shear stress. In this
embodiment, the applied pressure and the electric field are parallel. This embodiment has two
principal disadvantages over the first embodiment, which may or may not be important in particular
applications: (1) both working structures (which are rotating or moving in some other way relative to
each other), rather than only one, require electrical connections; and (2) the distance between the
electrodes changes when the working structures are brought closer together to apply the pressure,
making control of the electric field (which, at constant applied electric potential, is inversely
proportional to the distance between the electrodes) more difficult and introducing the possibility of
electrical breakdown between the working structures. Variations of this embodiment are possible
which maintain the essential features required to apply the method of the invention including, for
example: (1) working surfaces that are not parallel to each other or are not planar (for example,
concentric spherical sections), (2) multiple electrodes at the same electric potential on each working
structure, (3) one or more electrodes which are not attached to either of the working structures but
are between them, or (4) electrodes which are separated from the ER fluid 10 by an electrically
insulating layer or membrane.

Referring to FIG. 4, the apparatus 40 according to the second embodiment of the apparatus of
the present invention comprises two working structures 42, 43, two electrodes 44, 46, and an ER
fluid 10 positioned between the working structures 42, 43. The first working structure 42 has an
inner surface 48 (which is in contact with the ER fluid 10), an outer surface 50, and a plurality of
sides 52. The second working structure 43 has an inner surface 54 (which is in contact with the ER
fluid 10), an outer surface 56, and a plurality of sides 58. The negative electrode 46 is positioned on
the inner surface 54 of the second working structure 43. The positive electrode 44 is positioned on
the inner surface 48 of the first working structure 42, and can be moved toward and away from the
negative electrode 46 when apparatus 40 is in use. Again, the terms “positive” and “negative” in
respect to the electrodes are not meant to convey any relationship to electric ground but, rather, to
indicate that one electrode (positive) is at higher electric potential than the other (negative).
Furthermore, the polarities (positive and negative) of the electrodes may be reversed without affecting
the operation of the apparatus. FIG. 4 assigns to the first working structure 42 all movement
producing the applied pressure. In practice, movement of either or both working structures 42, 43

may contribute to the applied pressure.
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A third embodiment (not illustrated) of the apparatus of the invention combines the first and
second embodiments. In this embodiment, both working structures incorporate multiple electrodes at
different electric potentials, as described in the first embodiment for only one working structure, so
that the applied electric field has components which are parallel and components which are
perpendicular to the direction of the applied pressure. Application of the electric field leads to the
formation, within the ER fluid 10, of chains of particles which go from electrode to electrode on the
same working structure, as well as chains of particles which go from electrodes on one working
structure to electrodes on the other working structure. In one variation of this embodiment, the
electrode arrangement is the same on both working structures, except that their polarities are
reversed, so that each positive electrode on one working structure is closest to: (1) at least one
negative electrode on the same working structure and (2) at least one negative electrode on the other
working structure. As illustrated in FIG. 4, the apparatus 40 is connected to the system 60 used in
measuring the yield shear stress of the ER fluid 10. The system 60 used in measuring the yield shear
stress includes a linear table 62, a first force sensor 64, a second force sensor 66, and a lead screw
68. The second force sensor 66 measures the normal pressure. Then, shear force is applied to the
first force sensor 64 to determine the yield shear stress. A system similar to system 60 is used in
measuring the yield shear stress of the ER fluid 10 in apparatus 20. Also, it is obvious to one of skill
in the art that other systems can be used to measure the yield shear stress of the ER fluid 10.

In reference to the first apparatus 20, FIGS. 5-8 are graphs showing the results of a yield
shear stress measurement in which electric fields, under different pressures and constant pressure,
respectively, having different values and having been applied to the ER fluid 10, according to the
present invention. In FIG. 5, when the shear force SF: that is applied is parallel to the electric field ,
as in the apparatus of FIG. 1, the yield shear stress of the ER fluid 10 increases almost linearly with
the different pressures applied at electric fields of 500 V/mm, 1000 V/mm, and 2000 V/mm. In FIG.
6, when the shear force SFzthat is applied is perpendicular to the electric field, as in the apparatus of
FIG.2, the yield shear stress of the ER fluid 10 increases almost linearly with the different pressures
applied at electric fields of 500 V/mm and 1000 V/mm. As the applied electric field increases, the
slope k increases slightly but measurably. In FIG. 7, when the shear force SF: that is applied is
parallel to the electric field, the yield shear stress of the ER fluid 10 increases with the applied
electric field at constant pressures of 50 kPa, 100 kPa, 200 kPa, and 400 kPa. In FIG. 8, when the
shear force SF that is applied is perpendicular to the electric field , the yield shear stress of the ER
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fluid 10 increases with the applied electric field at constant pressures of 100 kPa, 200 kPa, and 400
kPa. As the pressure increases, the yield shear stress also increases more dramatically with the
applied electric field. With the technology of the present invention, the ER fluid 10 has a yield shear
stress value of about 110 kPa at 2000 V/mm and 400 kPa pressure (FIG. 5), about 95 kPa at 1000
V/mm and 400 kPa pressure (FIG. 6), more than sufficient for many major industrial applications.
If the shear force is in an arbitrary direction in the plane perpendicular to the direction of the applied
force, it can be decomposed into two components, one parallel to the electric field and the other
perpendicular to the electric field. FIGS. 5-8 can then be used to find the yield shear stress in any
arbitrary direction perpendicular to the applied pressure. FIGS. 5-8 show that, in both cases, the
yield shear stress is greatly raised, and that apparatus 20 and its variations work for a shear force in
any arbitrary direction perpendicular to the applied force.

In reference to the second apparatus 40, FIGS. 9 and 10 are graphs, similar to the graphs for
the first apparatus 20, showing the results of a yield shear stress measurement in which electric fields,
under different pressures and constant pressure, respectively, having different values and having been
applied to the ER fluid 10, according to the present invention. FIG. 9 shows the yield shear stress of
the ER fluid 10 increasing almost linearly with the different pressures applied at electric fields of
1000 V/mm, 2000 V/mm, and 3000 V/mm. As the applied electric field increases, the slope k
increases. FIG. 10 shows the yield shear stress of the ER fluid 10 increasing with the applied electric
field at constant pressures of 50 kPa, 210 kPa, and 500 kPa. As the pressure increases, the yield
shear stress also increases more dramatically with the electric field. With the technology of the
present invention, the ER fluid 10 has a yield shear stress value of about 200 kPa at 3000 V/mm and
800 kPa pressure, roughly a 40-fold improvement due to the application of pressure, and more than
sufficient for most major industrial applications.

FIGS. 9 and 10, when combined with FIGS. 5-8, can be used to find the increase in yield
shear stress with the applied pressure in any arbitrary direction with respect to the applied electric
field. This shows that the yield shear stress is greatly raised in all cases and that a combination of
apparatus 20 and of apparatus 40 (the third embodiment of the apparatus of the invention) works for a
shear force in any arbitrary direction with respect to the applied force and to the applied electric field.

The present invention increases the strength, or yield shear stress, of ER fluids 10 by a factor
that, depending on the applied pressure, can be as high as 40 or more. With this new technology, ER
fluids will have many major industrial applications. For example, ER fluids can be used for an

automobile clutch made of two discs and filled with ER fluid between them (FIG. 3). One disc is
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connected to the engine and the other is connected to the driving wheels. If there is no electric
potential difference or pressure applied between the two discs, the ER fluid has practically zero yield
shear stress and the clutch is unengaged. When an electric field is applied, followed by an increase in
pressure in accordance with the present invention, the ER fluid may reach a yield shear stress of
about 200 kPa in milliseconds. Thus, the clutch is engaged. It is clear that such a new automobile
clutch will be much more efficient and agile than existing ones and, since it has no wearing parts, it
will be more reliable and have a much longer working life.

There is no prior art technology that can produce a yield shear much above 5 kPa. The
method of the present invention provides a means for increasing the yield shear stress of ER fluids to
over 100 kPa and up to as much as 200 kPa or more, which exceeds the requirement of most major
industrial applications. In addition, the methods of the present invention can be applied to many, or
all, of the existing ER fluids since they are general and effective.

It is to be understood that the present invention is not limited to the preferred or other
embodiments described herein, but encompasses all embodiments within the scope of the following

claims.
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What is claimed is:

1. A method for increasing the yield shear stress of an electrorheological fluid, the
method comprising the steps of:

a) applying a sufficient electric field to the electrorheological fluid to cause particles within
the electrorheological fluid to form into chains of particles within the electric field; and

b) applying a sufficient pressure to the electrorheological fluid, after step a) and while
substantially maintaining the electric field applied in step a), to cause the chains of particles to thicken
or aggregate and impart to the electrorheological fluid an increase in the yield shear stress.

2. The method according to claim 1, wherein the pressure in step b) is applied in a
direction substantially parallel to the direction of the electric field, thereby shortening and thickening
the chains of particles in the electrorheological fluid.

3. The method according to claim 1, wherein the pressure in step b) is applied in a
direction substantially perpendicular to the direction of the electric field, thereby aggregating and
thickening the chains of particles in the electrorheological fluid.

4. The method according to claim 1, wherein the electric field is applied by applying an
electric potential difference between at least one first electrode having a first electric potential and at
least one second electrode having a second electric potential.

5. The method according to claim 4, wherein said electric potential difference is applied
between one first electrode and a plurality of second electrodes.

6. The method according to claim 4, wherein said electric potential difference is applied
between a plurality of first electrodes and a plurality of second electrodes.

7. The method according to claim 1, including an additional step for modulating the
yield shear stress of the electrorheological fluid comprising:

c) decreasing or increasing the applied pressure, after step b), to modulate the yield shear
stress downwardly or upwardly, respectively; or

d) decreasing or increasing the applied electric field, after step b) to modulate the yield shear
stress downwardly or upwardly, respectively; or

e) combining steps c) and d) to modulate the yield shear stress upwardly or downwardly as
desired.

8. The method according to claim 7, further comprising a step of removing at least one

of the applied electric field and the applied pressure to produce a reduced yield shear stress.
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9. The method according to claim 8, wherein the applied electric field is removed to
produce a yield shear stress of about 0.

10. The method according to claim 1, wherein the electric field applied in step a) is about
250 V/mm to about 3000 V/mm.

11. The method according to claim 10, wherein the electric field is about 1000 V/mm to
about 3000 V/mm.

12. The method according to claim 1, wherein the pressure applied in step b) is about 50
kPa to about 850 kPa.

13. The method according to claim 12, wherein the pressure applied is about 300 kPa to
about 800 kPa.

14. An apparatus for increasing the yield shear stress of an electrorheological fluid
comprising:

at least one first electrode having a first electric potential;

at least one second electrode having a second electric potential;

a first working structure;

a second working structure; and

an electrorheological fluid positioned between said working structures, said electrorheological
fluid being in communication with said first electrode, said second electrode, and said working
structures, such that particles within said electrorheological fluid form into chains of particles when a
sufficient electric potential difference is applied between said first and said second electrodes, said
chains of particles aggregating when a sufficient pressure is applied to said electrorheological fluid
while substantially maintaining the applied electric potential difference, to thicken or aggregate said
chains of particles.

15. The apparatus of claim 14, adapted to apply said pressure by bringing said working
structures closer together.

16. The apparatus of claim 14, wherein said electric potential difference is applied
between one first electrode and a plurality of second electrodes.

17. The apparatus of claim 14, wherein said electric potential difference is applied
between a plurality of first electrodes and a plurality of second electrodes.

18. The apparatus according to claim 14, including a source of electric voltage sufficient

to apply an electric field of about 250 V/mm to about 3000 V/mm.
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19. The apparatus according to claim 18, including a source of electric voltage sufficient
to apply an electric field of about 1000 V/mm to about 3000 V/mm.

20. The apparatus according to claim 14, wherein the pressure applied is about 50 kPa to
about 850 kPa.

21, The apparatus according to claim 20, wherein the pressure is about 300 kPa to about
800 kPa.

22. The apparatus according to claim 14, wherein said electrodes have a linear parallel
arrangement.

23. The apparatus according to claim 14, wherein said electrodes have a concentric

circular arrangement.

24, The apparatus according to claim 14, wherein said electrodes are arranged in a two-
dimensional array.

25. The apparatus according to claim 14, wherein said first electrode is incorporated into
said first working structure and said second electrode is incorporated into said second working
structure.

26. The apparatus according to claim 14, wherein said first electrode and said second
electrode are both incorporated into one of said working structures.

27. The apparatus according to claim 14, wherein said first electrode and said second
electrode are both incorporated into each of said working structures.

28. The apparatus according to claim 14, wherein each of said first and said second
electrodes is a comb-shaped electrode having teeth, wherein said teeth of said first electrode are
intercalated between said teeth of said second electrode.

29. The apparatus according to claim 14, wherein said first electrode and said second
electrode comprise substantially all of corresponding inner surfaces of said first and second working

structures, respectively.
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