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diately disappear, and the solidified or highly viscous fluid
reverts almost instantly to the original low-viscosity liquid.

The response of an ER fluid is completely reversible and
much faster than that of conventional mechanical systems.
Hence, it offers great potential for high technology applica-
tions to engine mounts (actively controlling engine shake) and
other vibration isolators, shock absorbers and other tunable
dampers, nonslip fluid clutches and variable-differential
transmissions, brakes, valves without moving parts, flow
pumps, and various other fluidic control devices. The ER ef-
fect typically provides better control of fluid flow and power
transmission and reduces the energy loss and damage due to
vibrations (for example, through optimal control of a vehicle’s
vertical motion). In spite of that, commerical use of ER de-
vices is still limited, in part because of the performance of
currently available ER fluids. For example, the maximum
strength of the yield stress seldom exceeds 5 kPa, which is
insufficient for many applications. The corresponding need for
large electric fields also requires that ER fluids be poor con-

ELECTRORHEOLOGY ductors of electricity, or power consumption and heat dissipa-
tion become excessive. This is a major problem for aqueous

Rheology is the science of the deformation and flow of matter. suspensions, most notably for dc applications. On the other
Electrorheology is concerned mostly with the electrorheologi- hand, dispersed particles in low-conductivity liquids have a
cal (ER) effect, which consists of a sudden change of apparent greater tendency to settle under gravitational and centrifugal
viscosity in a suspension of particles induced by an electric fields (because of a lack of mobile charges that readily attach
field. The first applications of this effect were patented in to particle surfaces and stabilize them against settling). Fur-
1947 by Winslow after several years of detailed studies and thermore, for automotive use, ER fluids should remain stable
observations (1,2). Hence, it is also named the Winslow effect. and reliable for prolonged use and should sustain large tem-
Winslow called his slurries electroviscous fluids, because elec- perature variations (from �50 to 150�C), chemical action, me-
troviscous effects had been previously reported in other sys- chanical attrition, and wear.
tems, although on a much smaller scale (3–5). In literature A possible way to eliminate sedimentation is to match the
outside the US and Britain, the electroviscous term is some- densities of the particles and the medium. This is difficult for
times still used as a synonym of electroheological, although high-density particles, such as silica, but it may be achieved
this is not strictly correct from a microscopic point of view.

either by making insulating oils heavier by halogenation orIn Russian literature, the ER effect is sometimes named the
by switching to lighter polymeric particles. Different thermalQuincke effect. A brief review of the early history and refer-
expansion coefficients between particles and medium typi-ences on ER related phenomena can be found in Ref. 6.
cally allow a density match only at given temperatures,Although even some homogeneous liquids exhibit weak
rather than over a wide temperature range (densities andelectroviscous effects (3–6), only concentrated dispersions of
thermal expansion coefficients can be matched only with spe-solid particles in dielectric liquids provide ER effects strong
cial ternary liquid mixtures). In the absence of electricalenough to be of technological interest. Large viscosity changes
charges or protective agents, particles generally tend to at-require the application of strong electric fields, of the order
tract when close to each other (because of van der Waalsof kilovolts per millimeter (kV/mm). A significant increase in
forces) and may irreversibly coagulate when settling. Chargeviscosity takes only milliseconds and is caused by the ten-
stabilization keeps the particles apart, but this typically re-dency of the micrometer-size suspended particles to form fi-
quires media with unacceptably high conductivity, such asbrous structures in the directions of the applied electric field.
water. Steric stabilization provides substantial protectionThe individual particles become polarized, attract one an-
against cohesion through absorption or bonding of additivesother, and form chains, which bundle into filaments, span-
soluble in the fluid on the particle surfaces, such as surfac-ning the gap between the electrodes. The strength of these
tants or stabilizing polymer fragments. However, some surfac-filaments enables the ER fluid to sustain stress. Eventually,
tants act properly as stabilizers in the absence of electricthe liquid suspension turns completely into a viscoelastic gel-
fields but fail when high fields are applied (by allowing chargelike solid. To make this structure flow again, while main-
transfer between particles). Furthermore, surfactants are nottaining the electric field, requires applying shear stress,
readily available for anhydrous systems. On the other hand,which breaks the filaments. The minimum shear stress
block or graft copolymers appear more promising and versa-needed to cause flow, called yield stress, is typically propor-
tile because their structures and chain lengths can be variedtional to the magnitude squared of the applied electric field.
to sufficiently stabilize the particles, even when they areThe amount of force or torque that an ER device transmits is
made of surfactant compounds (8). When stabilizing polymerrelated to the yield stress, whose effect persists as increased
fragments are relatively short, weak aggregates may stillviscosity even when the shear stress exceeds the yield stress
form, but they may be easily redispersed by stirring. The de-and flow is forced. The ER effect is fully and even more rap-
gree of reversible aggregation which can be tolerated dependsidly reversible. When the applied electric field is turned off,

particle polarization and the corresponding attraction imme- on the ER application.
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Brownian motion counters settling, but its effect is signifi- ticulates (such as cellulose, dextran, alginic acid, resins,
cant only for small submicron particles. Such size is sometime metal oxides, clay minerals, talcum powder, gypsum) and dis-
taken to define rather restrictively the range of colloidal sus- persants (such as gasoline, kerosene, toluene). However, a
pensions. However, reduction in particle size decreases the significant amount of water (between 5% and 30%) is neces-
yield stress and increases the response time. In fact, when sary for these dispersions to exhibit any appreciable ER ef-
effective, random Brownian forces disrupt alignment of parti- fect. It is believed that water, repelled by the hydrophobic
cles into chains and filaments, thus weakening the ER effect. suspending liquid, collects on the surface of the hygroscopic
Given that, it is generally preferable to use particles large particles. Dissolved salts in this envelope provide mobile ions
enough (�10 �m) that Brownian motion is negligible. that polarize in the (local) electric field. This substantially

Particles of such dimensions in dilute suspensions are visi- augments the particle’s intrinsic polarization, even though
ble under a high-power optical microscope, that allows direct the aqueous envelope may be very thin. Unfortunately, the
observation of their shape and size distribution. Filamenta- presence of such conducting water increases power consump-
tion induced by a strong electric field is discernible in such tion and heat dissipation. It further makes the ER properties
conditions (9–15). However, concentrated ER fluids (with par- sensitive to moisture content, hence, subject to chemical, elec-
ticulate volume fractions between 0.2 and 0.6) are generally trochemical, and thermal degradation. A second generation of
opaque. Then, the degree of aggregation at zero field or the less abrasive ER fluids based on softer polymer particles has
structures that form at high fields are usually inferred from been developed since the late 1970s, but most of these suspen-
rheological measurements. Other electro-optical techniques sions still require water to produce substantial ER activity
can be used to determine directly the morphology of ER sys- (12,25).
tems at light wavelengths where they are transparent. For Components frequently added to ER fluids to increase the
example, Chen et al. (16) studied an ER suspension of rela- ER effect are called activators. They presumably work by aug-
tively large diameter glass spheres (about 20 or 40 �m) in a menting the intrinsic polarizability of the particles, although
silicone oil by using the transmitted pattern of a laser beam. their effectiveness is not simply related to the resulting per-
They found that the ER solid formed under the applied elec- mittivities. The role of water as an activator has already been
tric field has a columnar body-centered tetragonal structure. mentioned. Other additives that work by similar mechanisms
In a similar experiment, Martin et al. used a different optical are various alcohols, carbonates, and glycols. Although some
configuration and much smaller spheres (about 0.7 �m in di- of them are less volatile and less reactive than water, most of
ameter) in an index-matched medium to further study the dy- them are substantially less effective than water and also lead
namics of chain formation and their aggregation into columns to undesirable conductivity and dissipation. Surfactants also
(17). Various models which attempt to interpret the results of play some role as activators, presumably through ionic con-
these experiments and other basic ER phenomena are de- duction within the surfactant layer.
scribed in two popular articles (18,19). The inherent relationship between charge mobility and ER

There are other systems analogous to ER fluids. Materials activity has been demonstrated quantitatively in photoelec-
that are permanently ER solids (i.e., they do not flow under

trorheological fluids, based on photoconducting particles, suchstrain even at zero field) consist of particles frozen in elasto-
as phenothiazine. These fluids have greatly enhanced ER ac-meric media. Application of an electric field increases the
tivity when they are exposed to light of the proper frequency,shear modulus of these composites. Various other electrovis-
which greatly increases the number of free electronic chargecous effects in sols, emulsions, and electrolyte systems are
carriers (26, 27).caused by internal electric fields produced by charged parti-

Since the mid 1980s, a third generation of substantiallycles and free ions (20). Most notably, magnetorheological (MR)
anhydrous ER fluids, inherently more stable and effective atfluids consist of suspensions of ferromagnetic particles exhib-
higher temperatures, has been introduced. The particles areiting under an applied magnetic field rheological changes
made of polymers or semiconductors (28), or have a compositeanalogous to ER fluids. In practical applications, MR fluids
structure, with a conducting core and a chemically formed in-offer several advantages over ER fluids (21). For example,
sulating thin-skin layer, which is needed to prevent electricalthey are not limited by conduction or dielectric breakdown.
conduction between particles in contact in chains and fila-Hence, conducting liquids, such a water, are not excluded. Pu-
ments (29,30). Particle encapsulation may also serve to re-rity is also not a problem. On the other hand, MR fluids have
duce particle attrition and chemical reactivity with the envi-much longer response times than ER fluids, relax much more
ronment. Similarly, the particles may have a light polymerslowly, and retain residual magnetization. MR fluids also re-
core and a double layer, consisting of an inner conductingquire typically larger and heavier power sources (magnets).
shell and an outer insulating film (31,32). Carbonaceous par-Despite the great research and technological interest that fer-
ticles and optically anisotropic spherules with insulating lay-rofluids currently enjoy, lack of space prevents any adequate
ers have also been used (33). Particles made of aluminosili-treatment of this topic in this article. A general discussion
cates dispersed in paraffin oil provide improved ER fluidscan be found in Ref. 22. Recent advances are reported, for
substantially free of water (34). In this case, the polarizationexample, in Refs. 23 and 24.
augmentation is produced by movement of intrinsic metal cat-
ions through cavities and channels within the highly porous
zeolite particles, rather than by extrinsic ions of electrolytesCOMPOSITION AND PROPERTIES OF ER FLUIDS
typically dissociated by water (35). Polyelectrolyte particles,
which commonly require water to function as ER fluids, pre-The ER effect was originally discovered in suspensions of
sumably by dissociating the cations from the macroions, alsostarch and silica gel particles in natural, mineral, or lubricat-

ing oils (1,2). Many ER fluids have been based on similar par- function with greatly reduced amounts of water, if cations can
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move within the confines of a chain coil (27, 36, 37). ER fluids 2. Wide operating temperature range (set by mechanical
energy dissipation or environment, such as in shockcompletely free of water have also been reported (38).

Even truly homogeneous polymer solutions, such as poly absorbers or engine mounts)
(�-benzyl-L-glutamate) in various solvents, are ER active. 3. Low electrical power requirement and consumption,
This highlights the great versatility and ubiquity of the ER hence, low conductivity (which is harder to maintain
effect and the variety and complexity of the microscopic mech- at higher temperatures and for faster responding ER
anisms that produce it (27). In addition to the removal of wa- fluids)
ter, the problems of settling and abrasion are eliminated with 4. Stability (overcoming settling of particles, particularly
homogeneous solutions because there is no dispersed phase. when the fluid stays inactivated in the gravitational
However, some solvents are polar and cause high currents field for extended periods or when used repeatedly in
and power consumption, and some have disadvantages of centrifugal fields)
greater toxicity, aggressiveness, and limited operating tem-

5. Resistance to thermal, chemical, and mechanical deg-peratures. These solutions may be in a liquid-crystal state,
radation in prolonged usewhich may also contribute to their ER activity. Liquid crys-

6. Zero-field viscosity less than a poise (to minimize dragtals are generally more suitable for magnetorheological appli-
and unwanted mechanical energy dissipation).cations, but understanding the mechanisms of the ER effect

7. High dielectric breakdown strength (which depends onin various types of liquid crystals is nonetheless important
the microscopic composition and configuration in any(39). Their ER activity results both from the high polarizabil-
state of the system and limits the maximum electricity of polymer molecules in solution and from the alignment of
field that can be applied)their large permanent dipole moments with the electric field

because the alignment of long rigid-rod polymer molecules 8. No contaminants (which may strongly affect, for exam-
perpendicular to the flow increases shear viscosity (40). ple, conductivity and dielectric breakdown strength

Currently, the most common ER fluids in commercial use through ionic dissociation)
are silicas and zeolites in silicone oils, which are preferable to 9. No electrophoresis, no dynamic separation, and low
mineral oils because they are usable over a broader tempera- volatility
ture range. In research, new materials are constantly pro-

10. No abrasive, corrosive, electrolytic, or oxidative degra-duced and investigated for ER effects, e.g., fullerenes (41).
dation (over repetitive cycle duties) of any componentA survey of the patent literature for material composition,
of the fluid, electrodes, seals, and containersthat is, particles, dispersants, surfactants, and activators, of

11. Fast response time (adequate for most applications,available ER fluids is provided in Table 2 of Ref. 6. A complete
but still limiting high-frequency ac fields)list of ER fluid and device patents issued up to 1991 is pro-

12. Nontoxic, nonhazardous, nonflammable, disposablevided in Sec. 7.2 of Ref. 42. An earlier survey of ER fluids can
substancesbe found in Table 1 of a review article by Block and Kelly

(43). An update of that and a list of polymers used for the
particulate dispersed phase are provided, respectively, in Ta- No single ER fluid obviously meets all of these require-

ments for all possible applications. Each individual ER devicebles 1 and 2 of Ref. 13. A chronology of ER fluid and device
development is included in Ref. 44. has its own specifications, which leads to selecting a particu-

lar ER fluid. An overall measure of merit for an ER fluid is
given by the Winslow number, which is the ratio between theBASIC REQUIREMENTS FOR ENGINEERING AND
power density inherent in the ER effect (defined as the ratioCOMMERCIAL APPLICATIONS OF ER FLUIDS
between the square of the yield stress and the zero-field vis-
cosity) and the power density consumption (which is the prod-Given the advanced level of modern solid-state electronics
uct of the electric field times the current density). Current ERand control circuitry, the development of reliable and inex-
fluids achieve Winslow numbers over 103 but only within nar-pensive power supplies and computerized control systems for
row temperature ranges. At higher temperatures, the powerER devices should not be an impediment to ER technology.
density consumption rises too much, and at lower tempera-However, low-cost commercial power/control systems that
tures the ER inherent power density becomes too low (45).permit rapid (millisecond) switching at high voltages are un-

The variety of requirements for ER fluids and devices isavailable. The design of specific devices is also not yet suffi-
easily illustrated by automotive applications. For instance,ciently refined to take full advantage of the unique character-
anhydrous ER fluids are difficult to shield from aqueous con-istics of ER fluids, thus causing less than optimal
tamination in shock absorbers exposed to harsh environ-performance in many applications. Nonetheless, the major ob-
ments. Engine mounts require ER fluids that retain stabilitystacle to the development of ER technology seems to be the
over wide frequency and temperature ranges, but only a mod-current unavailability of ER fluids capable of satisfying the
erate yield stress (1 to 2 kPa) is needed. Conversely, clutchesdemands for strongly competitive and commercializable units.
and most other similar applications require a substantiallyImprovements of ER fluids for technological applications
higher yield stress. One possibility of attaining the latter isare needed in the following areas, roughly in order of their
to manufacture spheroidal or elongated particles and opti-critical importance and corresponding difficulty to attain (see
mize their aspect ratio, that is, the ratio between principalalso Refs. 13 and 42):
axes. This has been suggested by simple dipolar estimates
and demonstrated more convincingly by experiment (14). Un-1. High strength (yield stress and especially shear stress

under flow conditions), at relatively lower applied fortunately, the increase in shear strength with aspect ratio
is mostly static and disappears with increasing shear ratefields
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(46), under which clutches must also operate. Furthermore, pieces, joints and artificial muscles for robotic arms and pros-
longer response times are definitely involved, because elon- thetic limbs, penile implants, reconfigurable Braille displays,
gated particles must rotate against their inertia and friction and so on. ER fluid and solid materials also function in adap-
into alignment with the electric field. However, a somewhat tive structures. For example, they could be included in high-
slower ER response may be tolerable and even desirable for stress sections as active structural members of bridges, build-
clutches to reduce mechanical shock. ings and plants, to control and damp their dynamic responses

For fluidic control systems there are two important con- to windstorms and earthquakes. Likewise, modulation of stiff-
cerns: (1) Filtration phenomena associated with pressure- ness with speed in airfoils, helicopter blades, and hydrofoils
driven flow in an ER valve may generate a difference between could be optimally controlled with ER systems. Still other ap-
solvent and particle velocities, hence, cause dynamic separa- plications may exploit the effective thermal conductivity or
tion. (2) Instabilities may arise in the flow of typically stable convective heat transfer of ER fluids (which also increase
ER suspensions under electric fields that vary more rapidly with the magnitude squared of the applied electric field) for
in space and/or time. heat exchange systems, acoustic properties for designing ER

Finally, safety, environmental, and cost considerations filters, delay lines, and ultrasound finders, and optical proper-
must also be taken into account because they restrict the ap- ties for color films.
plications of materials otherwise particularly ER effective. Further reviews of ER fluid applications are provided, for
For instance, halogenated hydrocarbons are ideal dispersants example, in Refs. 42 and 47. Technical papers on ER devices
for stability, density and cost, but are toxic, difficult to con- are periodically presented in various ER conferences
tain, and hard to dispose of. Silicone fluids are not toxic, but (23,24,48–54).
they are not biodegradable, and even traces of silicone con-
taminants ruin the appearance of surfaces repainted in auto-
body shops. A safety concern is the high voltage required in FUNCTIONING AND DESIGN OF BASIC ER DEVICES
ER applications. Thus, ideal fluids should operate with very
low current densities (below 1 �A/cm2), so that current-lim- The functioning and design of basic ER devices are easy to
iting circuitry can be applied to protect against accidental understand, in principle. For example, an ER torque-trans-
shock to users. Unfortunately, current ER fluids cannot carry mitting device may consist simply of an inner cylindrical rotor
low current density and high yield stress at the same time mounted on a driving shaft, an outer cylinder coaxial to the
(except, possibly, dry aluminosilicate particulate systems). rotor and mounted on bearings, and an ER fluid in between.

For profitable commercial products, ER active dampers on Applying a potential difference between the rotor and the
engines are the best candidates, followed by shock absorbers outer cylinder induces the ER effect in the fluid, which thus
based on similar concepts (but more demanding on ER fluid provides the rotational coupling. To increase the coupling
performance). The feasibility of ER clutches has been demon- area, the torque-transmitting device may alternatively con-
strated in various prototypes (by Lord Corporation and vari- sist of parallel coaxial (multiplate) disks rotating relatively to
ous other centers), but competitive mass production of an au-

one another. See, for instance, Fig. 7 in Ref. 47.tomotive ER clutch of reasonable dimensions, low power
An ER torque-transmitting device that has either coaxialconsumption, and low cost still requires considerable torque

cylinders or rotating disks can function as an automotiveenhancement (i.e., a yield stress up to about 20 kPa) and
clutch. In the former configuration, the car engine is con-some zero-field viscosity reduction (to minimize open-clutch
nected to the outer cylinder, and the drive shaft powers thedrag) in the development of ER fluids. On the other hand,
wheels through a reduction gear. The inertia of the outer cyl-low-torque applications, such as automotive alternators, air
inder hardly matters, given the high inertia of the drivingconditioners, and other accessory drive clutches are already
motor, which runs at fairly constant high speed. On the otherviable and advantageous because they permit full decoupling
hand, the inner rotor must have low inertia to provide a fastwhen the accessory is not in use. Continuously variable ER
response. That can be attained by using a lightweight nonme-transmissions are of interest because they would allow main-
tallic material, coated with a conducting thin film to providetaining engine speed at an optimal value, producing major
the electrical contact. When solidified, the ER fluid forces theenergy savings. However, this is a future application, because
drive shaft to rotate in connection with the engine. When liq-it requires at least an order of magnitude improvement in ER
uified, the ER fluid allows the engine to disengage from thefluids. Current yield stresses are much too low to transmit
drive shaft and spin freely, as if in neutral gear. The almostthe heavy-duty torques required, and a design to accommo-
instantaneous and continuously variable response of the ERdate much larger multiplate coupling areas is not feasible
fluid to the applied potential provides a prompter and(the corresponding power consumption with current ER fluids
smoother control than a conventional mechanical clutch.would be too high, anyway).
Clearly, the nonslip fluid clutch also has fewer parts to wearAlthough the automotive industry is the most likely candi-
or fail.date for large-scale applications of ER fluids, one must also

Attaching the outer cylinder to the car body, the same ERnote the increasing involvement of the military industry, par-
coupling device can function as a brake. Relative motion ofticularly in developing ER isolation systems for weapons, ra-
the cylinders can be gradually stopped with optimal antilockdar, and fuel tanks in helicopters and aircraft. Innovative use
feedback by rapidly modulating the applied voltage with aof ER technology is possible for many other feedback control
computerized control system. Heating must be removed by asystems and smart actuators with the most disparate pur-
cooling circulation system, or stability problems may arise inposes and complexities, such as variable-resistance exercise
the ER fluid. More complex electrohydraulic brake actuatorsequipment (e.g., rowing simulators), rheoelectric motors,

tracking devices for copying machines, ER clamps to fix work- can be designed; see, for instance, Fig. 24.7 in Ref. 20.
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The same torque-transmitting device may also serve as an high stiffness and high damping at the natural low frequency
(�10 Hz) of the engine-mount system, to prevent the persis-ER damper. Keeping the outer cylinder fixed, the torsional

vibrations of the inner rotor can be damped out by controlling tence of large-amplitude excursions transmitted to the en-
gine. Current fluid-filled passive mounts made of rubber andviscosity changes in the ER fluid. Alternatively, a design more

similar to ordinary shock absorbers can be used. An ordinary metal partially resolve this contradiction by adopting a two-
chamber design. When road shake occurs, the fluid flows backshock absorber consists of a cylinder with a sliding piston in-

side, which pumps a viscous oil out of a small orifice when and forth between the chambers through an orifice or a short
tube, dimensioned to provide substantial damping only at thepushed in by an outside impact. The oil absorbs and dissi-

pates the impact energy through its slow viscous flow and troublesome low frequency. With the aid of a fluid decoupler,
the mount can be further tuned to suppress two unwantedflows back more quickly into the cylinder through a large ori-

fice after the shock, when the piston rebounds. However, the low frequencies or a narrow frequency range. At high frequen-
cies, fluid inertia in the tube is carefully exploited to reduceoil viscosity changes with temperature, which causes the

shock absorber to perform unevenly depending on the the damping flow. However, that cannot be totally prevented
and compromises noise isolation.weather and the road conditions. Repeated compression on a

long bumpy ride may heat up the oil so much that it becomes Such a passive mount can be made active be adjusting
damping in response to a sensor of engine motion. This canvery thin, and the shock absorber may soften and fail when

needed most. be achieved by adding a fast electromechanical valve designed
to adaptively reduce the orifice at low-frequency jolts, whileThe problem is best addressed by transforming such a pas-

sive device into an active one by introducing a fast electrome- leaving it large and inactive at high-frequency constant en-
gine vibrations. Such a design works effectively, but the valvechanical valve, which adaptively adjusts the size of a single

orifice in response to the piston movement. Without moving mechanism itself adds noise, weight, complexity, and cost to
the system. A better solution consists of replacing the hydrau-parts, an ER valve provides a simpler and even better solu-

tion. The microprocessor that senses the piston motion modu- lic system (fluid and orifice) of the passive mount with an ER
valve separating the two chambers, now filled with an ERlates the applied voltage rapidly, which instantly thickens the

ER fluid in midstrokes for maximal damping and thins it fluid; see, for instance, Fig. 6 in Ref. 47. When transiently
activated in response to a low-frequency jolt, the ER fluidagain immediately afterward for quickest flow-back. In this

fixed-plate valve configuration, the piston forces the ER fluid quickly provides the high viscosity needed to damp it. Then,
it immediately returns to zero-field low viscosity, providingto flow through a stationary annular duct, and the voltage is

applied across this duct. In an alternative sliding-plate con- good isolation to high-frequency constant engine vibrations
(56). Because the ER valve has no moving parts, this allowsfiguration, the piston itself acts as the grounded electrode,

and the damping force originates from the controlled shear for a simpler, quieter, less expensive, and faster design. Flow
volumes and shear rates are relatively low, and a yield stressresistance between the piston’s cylindrical surface and an ad-

jacent motionless surface, which acts as the other electrode; of only 1 to 2 kPa is needed for this type of application. Hence,
ER fluid-filled engine mounts are already practical and ad-see Fig. 8 in Ref. 47.

High shear stress (over 5 kPa) at high shear rates of the vantageous for commercial use.
Other simple ER devices (ER valve in a reciprocating pis-ER fluid is necessary for optimal functioning of ER shock ab-

sorbers. Prototypes have been larger than desirable to accom- ton system, safety valve, dielectric suspension pump, pulsat-
ing pressure generator, pulverizer, filter, settler) are sketchedmodate the necessary ER valve surface area. However, newly

developed ER dampers within a conventional package size in Sec. 24.11 of Ref. 20. Illustrated therein are also membrane
transducer devices (grinding-polishing tools, peristaltichave been recently tested on a Ford Thunderbird and per-

formed better than the standard suspensions of the SC and pump) based on electrodilatancy, that is, the ability of certain
ER systems to undergo rapid and reversible volumetricLX models, at least when operated within the optimal tem-

perature range of the ER fluid (55). expansion in response to an electric field. More detailed de-
scriptions and critical assessments of these and more refinedThe basic design concept of an ER valve is simply that of

an ER fluid flowing through a thin section of a pipe. At zero ER applications are provided, for example, in Refs. 44, 47,
and 57.field, the corresponding low viscosity causes only a small drop

in pressure between the beginning and the end of the pipe
section (at least at low flow rates). When a potential differ- NEWTONIAN FLUIDS AND ELASTIC SOLIDS
ence is applied between two sides of the section, the viscosity
increases, causing controllable resistance to the flow and a The simplest model of a fluid (like water or air) is that of an
correspondingly large pressure drop. More complex additions isotropic continuous medium. An ideal fluid is further as-
of diaphragm seals may permit isolating the ER fluid from sumed to be nonviscous, hence, unable to sustain shear stress
other hydraulic fluids. under either static or dynamic conditions. Then Newton’s sec-

ER valves of various design can be used in a host of devices ond law for a fluid element of mass dm � �(x, t)dV is given
and most effectively in engine mounting. In an automobile, by
that must satisfy two contrasting demands. On the one hand,
it must insulate the passenger compartment from engine vi-
brations and noise, which requires low dynamic vertical stiff- ρ

dvvv
dt

= ρ fff − ∇P (1)

ness and low damping at high frequencies (�100 Hz), to leave
alone as much as possible the engine’s small-amplitude forced where � and v are the element density and velocity, and P

and f are the pressure and the applied force per unit massoscillations. On the other hand, the mounting must protect
the engine from jolts caused by the pavement, which requires acting on the fluid element. All of these quantities are func-
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tions of position x and time t, viewed as independent vari- shear flow shown in Fig. 1, where the fluid velocity increases
with height. Take a horizontal plane y � y0 of constant flowables (Eulerian description). However, d/dt represents the to-
velocity. The drag force Fx exerted on the fluid below the areatal derivative
element dA is given by

d
dt

= ∂

∂t
+ vvv · ∇ (2)

Fx = η
∂vx

∂y
dA (6)

which provides the rate of change following the fluid element
where � is the viscosity, measured in Pa � s [we generallyin its motion (Lagrangian description).
adopt the International System of Units (SI) in this article].Conservation of matter independently requires the conti-

In general, given an area element dA oriented with an out-nuity equation
ward normal unit vector n, the stress tensor is defined as

∂ρ

∂t
+ ∇ · jjj = 0 (3)

Fi =
3∑

j=1

Tijn jdA (7)

where j � �v represents the mass current density.
Conservation of linear momentum implies where Fi are the components of the total force exerted by the

outside fluid on dA. Then, in the configuration of Fig. 1,
∂

∂t
(ρvi) = ρ fi +

3∑
j=1

∂Tij

∂xj
(4)

τ = Txy = η
∂vx

∂y
= ηγ̇ (8)

where Tij is the stress tensor. For an ideal fluid, where � is the corresponding shear stress component and �̇ is
the shear rate of strain.

Conservation of angular momentum requires that theT id
ij = −Pδij − ρviv j (5)

stress tensor be symmetrical. Assuming that its viscous part
Tv

ij is still linear in the velocity gradients for the most generalNote that �vivj represents convective transport of momentum
flow configuration, it follows that(per unit area per unit time) and corresponds to the convec-

tive part of Eqs. (1) and (2). In fact, as physically expected,
Eq. (1) and Eqs. (4–5) are completely equivalent, if Eq. (3)
is satisfied.

Tv
ij = η

(
∂vi

∂xj
+ ∂vj

∂xi
− 2

3
δij∇ · vvv

)
+ ζ δij(∇ · vvv) (9)

The vectorial dynamical Eq. (1) and the scalar continuity
Eq. (3) provide four relationships for five unknown functions: where 	 is called the bulk viscosity. For incompressible flow,
v, P, and �. Thermodynamics may provide an additional equa- 
 � v � 0, and 	 plays no role, whereas for compressible flow,
tion of state, relating P to � and entropy per unit mass in the it contributes only to the diagonal compressive-tensile compo-
energy representation, or P to � and temperature in the free- nents of the stress tensor.
energy representation. Nonviscous flow is typically nondissi- Introducing the complete stress tensor
pative, hence, isentropic, which leads to an additional equa-
tion representing conservation of kinetic plus internal energy. Tij = T id

ij + Tv
ij (10)

Equivalently, flow at constant entropy allows relating P just
to � through the thermodynamic equation of state. In princi-

of a Newtonian viscous fluid into the momentum-conservationple, this yields a unique solution for all five unknown func-
Eq. (4), with simple manipulations (again involving the conti-tions, v, P, and �, given appropriate boundary conditions. In

practice, solution of the hydrodynamic equations (even for
ideal fluids) may be very difficult, because of the intrinsic
nonlinearity in the fluid velocity field, originating from the
convective transport of momentum. However, considerable
simplification occurs in the special but important case of isen-
tropic irrotational flow, which leads to Bernoulli’s theorem.
Full discussion and detailed derivation of all these standard
results are readily found in many textbooks, for example,
Chap. 9 of Ref. 58, or Chap. 1 of Ref. 59.

Viscous fluids are much more complicated than ideal fluids
because they sustain shear stress under dynamic conditions
and involve dissipation. One can still retain Eq. (4) represent-
ing momentum conservation, provided that a viscous compo-
nent is added to the stress tensor. An isotropic classical fluid

y

y

z

x

vx (y0)

vx (y)

y0

dA

n

Fx = η
∂vx
∂y

dA

^

which obeys a linear relationship, first postulated by Newton,
between shear stress and shear rate is called a Newtonian Figure 1. Viscous drag force exerted by the fluid above the y � y0

surface on the fluid below for steady laminar shear flow (58).fluid. Consider the basic configuration of steady laminar
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nuity equation), and pours like whipping cream if the glass is tilted slowly.
However, it immediately hardens upon stirring or shaking.
Furthermore, once hardened, the paste occupies a larger vol-
ume, looks drier, and returns to its initial condition only

ρ

[
∂vvv
∂t

+ (vvv · ∇)vvv
]

= ρ fff − ∇P + η∇2vvv +
(

1
3

η + ζ

)
∇(∇ · vvv) (11)

slowly. The combination of these effects is variously called
dilatancy, rheopexy, or antithixotropy. Its opposite, namely, awhich clearly reduces to Eq. (1) for an ideal fluid. For incom-

pressible flow, the last term in Eq. (11) vanishes, and the cele- shear-thinning substance that recovers its full rigidity only
brated Navier–Stokes equation is obtained. long after shearing has stopped, is called thixotropic. Benton-

Again a unique solution requires an additional energy bal- ite gel is a classical example. Thixotropy makes paint easier
ance equation, which is more involved than that for a nonvis- to apply and mud easier to drill.
cous fluid. Now there are entropy changes caused by intrinsic Various suspensions and polymeric liquids often exhibit
viscous dissipation and possibly heat conduction or heat both shear-thinning and shear-thickening behavior. Shear
sources in the fluid. A full discussion and derivation of that thinning occurs at modest shear rates, followed abruptly by
and of all the basic results for Newtonian viscous fluids can shear thickening at greater shear rates. In general, any mate-
be found, for example, in Chap. 12 of Ref. 58, or in Chap. 2 of rial that obeys an essentially nonlinear constitutive relation
Ref. 59. between shear stress and shear rate is called a non-Newton-

Unlike an ordinary fluid, an elastic solid can sustain shear ian fluid. Liquids that obey quantum mechanical, rather than
stress in a static configuration. Then we have a linear rela- classical laws, such as liquid helium, are also called non-New-
tionship between the stress tensor and the elastic strain ten- tonian: we are not concerned with such systems at all in this
sor. In the isotropic continuum model, article. Non-Newtonian fluids may be anisotropic and obey

tensorial constitutive relations, requiring definition of several
(shear-rate dependent) viscosity coefficients. Typically, non-
Newtonian fluids possess long relaxation times, compared to

Tij = G

(
∂ui

∂xj
+ ∂uj

∂xi
− 2

3
δij∇ · uuu

)
+ Kδij(∇ · uuu) (12)

the inverse of the velocity gradients that can be applied.
Hence, constitutive relations may not depend only on the in-where u is the local deformation and G and K are elastic con-
stantaneous shear rate but rather on its integration over thestants, called, respectively, the modulus of rigidity and the
specimen’s history. Thixotropy obviously depends on that. Ac-bulk modulus. Because the rate of deformation v(x, t) is
tually, for most non-Newtonian fluids, constitutive relations�/�tu(x, t), Eq. (12) for an elastic isotropic solid corresponds
are unknown, depend on other poorly defined functions, or areto Eq. (9) for a Newtonian viscous fluid. In the shear configu-
too empirical and particular to provide much insight. In anyration corresponding to that of Fig. 1 for a viscous fluid, the
such case, real progress in understanding can be made onlyshear stress � is related to the shear strain component � by
through microscopic investigation or simulation of the struc-
ture and properties of the particular system under consider-
ation.τ = Txy = G

∂ux

∂y
= Gγ (13)

The range and study of non-Newtonian fluids is vast and
complex and occupies most of modern rheology. In the follow-which corresponds to Eq. (8) for a viscous fluid. So, G is also
ing, we only consider a few basic aspects regarding ER sus-called the shear modulus.
pensions. Further background in this important and fascinat-These observations are all that we need to introduce non-
ing field can be obtained, for example, from Refs. 61–63.Newtonian fluids, which often exhibit properties hybrid be-

tween solids and liquids. A more adequate treatment of elas-
tic continua can be found, for example, in Chap. 13 of Ref. 58,
or in Ref. 60. ER FLUID RHEOLOGY

Most ER suspensions behave essentially as Newtonian fluids
NON-NEWTONIAN FLUIDS in the absence of any applied electric field. Their viscosity is

only a few times larger than that of the dispersant fluid and
Despite their fundamental and practical importance, Newton- is adequately described by relatively simple models and equa-
ian fluids represent only a small class of all substances that

tions. In fact, the viscosity of a low-concentration suspension
flow under certain conditions (as opposed to solids). For all

of N spherical particles of radius a in a volume V was firstsuch substances, one may still define an apparent viscosity as
calculated by Einstein in 1906. It is just the viscosity of thethe ratio between shear stress and shear rate, but that varies
dispersant times (1 � 2.5v), where v � 4�Na3/3V is the vol-typically with shear rate. For instance, the apparent viscosity
ume fraction of the spheres; see Sec. 22, Chap. 2, of Ref. 59.may be large or even infinite at a low or vanishing shear rate,
Appropriate generalizations for higher concentrations and/orbut rapidly decreasing at higher shear rates. Common sub-
nonspherical particles are reported, for example, in Refs. 62stances, such as yogurt, mayonnaise, white of egg, condensed
and 64.milk, toothpaste, shampoo, foams, and chewing gum, display

When an electric field is applied, the overall behavior ofsuch behavior, called shear-thinning: they hardly flow under
most ER fluids resembles that of a field-induced shear-thin-their own weight but flow readily when squeezed. Other sub-
ning Bingham plastic. The corresponding constitutive relationstances do the opposite, becoming more viscous rather than
isless viscous at larger shear rates. This behavior, called shear

thickening, can be simply demonstrated by mixing powdered
cornstarch with water in a glass. The suspension easily flows τ (E) = τy(E) + η∞γ̇ (14)
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where �y(E) is the yield stress, essentially proportional to the dence in Eq. (14) generalizes the Bingham model to that of a
viscoplastic fluid. The Herschel-Bulkley model is a particularelectric field’s magnitude squared, and �� is called the high-

shear limiting or plastic viscosity. In this basic model, �� is case, which adds an exponent n to �̇ (and renames its coeffi-
cient) in Eq. (14). The defining feature of all such models re-constant (at any given temperature) and coincides with the

differential viscosity d�/d�̇. The plastic viscosity also coincides mains the presence of a finite dynamic yield stress. On the
other hand, the static yield stress may turn out to be smallerwith the zero-field viscosity. Typically, both the yield stress

and the zero-field viscosity increase with particle concentra- than that, or it may even vanish at low fields; see curve D in
Fig. 2. Furthermore, the dependence of either static or dy-tion, which determines an optimal concentration to maximize

the ER effect and minimize the zero-field viscosity for any namic yield stress on the applied electric field often deviates
from precisely quadratic, most noticeably at high fields.specific application. On the other hand, the effective or appar-

ent viscosity The Bingham plastic and related models are reasonably
appropriate only in the post-yield regime, where flow is estab-
lished. That is, of course, essential to most ER applications,
which involve dynamic conditions and require knowledge of

η(E, γ̇ ) = τ (E)

γ̇
= τy(E)

γ̇
+ η∞ (15)

the corresponding shear strength. However, the pre-yield re-
depends on both the electric field and the shear rate. It di- gime is also important, for example, in designing nonflowing
verges at low shear rate (for nonzero field), and approaches devices, such as seals and safety valves, where the fluid is
�� at high shear rates. The parallel lines A and B in Fig. 2 expected to remain solidified below a certain pressure thresh-
represent Eq. (14) at nonzero and zero field, respectively. old, or in flexible and adaptive structures, which must provide

A more accurate description of ER behavior requires con- a controllable mechanical response or vibration damping
siderable corrections to the basic Bingham plastic model, par- without continuous alteration (47). In such a regime, the as-
ticularly at low shear rates. A typical situation is shown as sumption of total rigidity as in the Bingham plastic model is
curve C in Fig. 2. Applying an electric field at zero shear rate, obviously inadequate. Instead, we must at least consider an
a viscoelastic solid forms. The corresponding static yield stress elastic relationship such as that of Eq. (13), for shear stress
�sy(E) is defined operatively as the shear stress necessary to below yield and for shear strain below a corresponding yield
initiate flow from solid state equilibrium, regardless of strain. The next step necessary is to consider a viscoelastic
whether the Bingham plastic model fits the ER fluid behavior model (62), which assumes a linear relationship between
at later shearing conditions. After �sy(E) is applied and flow is shear stress and both shear strain and its shear rate:
established, the shear stress immediately drops with increas-
ing shear rate and quickly approaches curve A predicted by τ = Gγ + ηγ̇ (16)
Eq. (14). Having attained that, if the shear rate is reversed
all the way back to zero, the shear stress remains close to Applying an oscillating shear strain of small amplitude and
curve A. Therefore, �y(E) is called the Bingham or dynamic sinusoidal time dependence ei�t, we can transform Eq. (16)
yield stress and is defined as the zero-shear-rate intercept of into
the linear Bingham plastic model, which generally provides a
good fit at sufficiently high shear rates. Now, it takes only a τ = Gγ + iωηγ = G∗(E, ω)γ (17)
short time before �sy(E) is fully recovered under static condi-
tions. Hence, thixotropy is usually limited (barring structural which again resembles Eq. (13). Now, however, G* is a com-
alterations after prolonged shearing). However, what causes plex shear modulus, whose real part G
, called storage modu-
the usually positive difference between the static and the dy- lus, provides the coefficient for stored elastic energy (qua-
namic yield stress, an effect called stiction, is not well estab- dratic in strain) and whose imaginary part G�, called loss
lished. modulus, accounts for viscous energy loss and relaxation.

Further deviations and complications may occur. For ex- Study of the dependence on both the applied electric field E
ample, the plastic viscosity may depend to some extent on the and the frequency of shearing � for both G
 and G� provides
shear rate (typically shear thinning). Inclusion of this depen- important information about the structure and properties of

the ER solidified suspension in the pre-yield regime
(15,27,65–67).

The transition from the pre-yield to the post-yield regime
involves larger strain amplitudes, hence, nonlinear relation-
ships and a more complex Fourier analysis, whose precise in-
terpretation and connection with experimental observations
in such a yield regime is more difficult to establish.

For simplicity, the discussion in this section has been lim-
ited to one-dimensional shearing. However, many ER applica-
tions involve more complex three-dimensional flows. Then ap-
propriate tensorial generalizations of models and equations
such as Eqs. (14)–(17) are required. These are relatively easy
to obtain, but they cannot always be uniquely determined
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from purely theoretical principles. More serious difficulties oc-
cur if one abandons the common assumption of a symmetricalFigure 2. Shear stress vs. shear rate. Curve A: Bingham plastic
stress tensor, which is not quite justified in the presence of anmodel (nonzero field). Curve B: zero-field Newtonian fluid. Curve C:

typical ER behavior. Curve D: pseudoplastic behavior. electric field. That makes the ER fluid inherently anisotropic.



742 ELECTRORHEOLOGY

Further complications arise when the flow or the electric field torque transmitted through the fluid (which is equal and op-
posite to the torque that must have been applied to the driv-change along a streamline. These are called extensional defor-

mations and occur, for example, in an ER valve of varying ing cylinder to keep it at the given angular velocity). The
choice of driving the outer cylinder in the shear-rate con-cross section. These issues are subjects of current and future

research (27, 68). trolled operating mode is often preferred for flow stability. In
general, shear-rate controlled rheometers maintain flow sta-A further review of phenomenological models and compari-

son with experiments is provided in Refs. 6, 43 (see their Figs. bility at higher torques and shear rates, thus allowing better
extrapolation of large dynamic yield stresses from low high-1–2, in particular) and Ref. 64.
shear-limiting viscosities, as desired in ER applications.

Post-yield measurements are typically conducted in contin-
ER FLUID RHEOMETRY uous. Full investigation of pre-yield and yield regimes re-

quires various other conditions. The static yield stress is con-
There are many techniques for measuring ER properties. veniently determined by stress-controlled rheometers by
Some are more suitable for general material characterization, gradually increasing the torque from an initially static con-
and others are more focused on potential end uses. The two figuration until flow onset. On the other hand, full determina-
basic operating modes of ER devices define two broad classes tion of the viscoelastic response requires further measure-
of electrode configurations used to test ER materials. ments conducted with constant strain, oscillatory strain at

The first class comprises sliding-plate instruments, involv- various frequencies and amplitudes, and sudden application
ing either parallel plates or coaxial cylinders. Parallel plates of shear strain or shear rate.
may be (circular and) rotating or (rectangular and) translat- The second class of electrode configurations involves forced
ing relative to each other. Coaxial cylinders may be rotating flow through fixed plates, as in ER valve applications. The
(Couette configuration) or axially sliding relative to each fixed plates to which the potential difference is applied may
other. Rotational geometries are necessary for continuous be plane and parallel, as in slit or rectangular ducts, or they
(steady state) shear measurements and are generally easier may be coaxial cylinders, as in annular channels. Capillary
to implement. Among them, coaxial cylinders with a narrow rheometers are not suitable for ER measurements, because
gap (compared to their radii) have the advantage of providing they can hardly be configured as electrodes providing uni-
a nearly constant (radially) shear rate, whereas rotating par- form fields.
allel disks generate a shear rate increasing linearly with dis- These instruments typically measure the pressure gradi-
tance from the axis, which makes a rigorous interpretation ent for steady flow. The pressure gradient equals the yield
of the data more difficult. Moving electrodes are electrically stress divided by an appropriate fraction of the electrode gap
grounded with a carbon brush, a copper/beryllium spring, or (see, for instance, Eq. (4) of Ref. 47 for the basic slit configu-
a running contact via a conducting fluid (e.g., mercury). Cone- ration). Assuming Bingham plastic behavior (see, for in-
and-plate viscometers, commonly used in other rheological stance, Chap. 3 of Ref. 61), the complete velocity profile in the
measurements, are not suitable for ER fluids, because they channel can also be calculated. Solidification of the ER fluid
involve largely nonuniform electric fields, especially around starts around the pipe center, where shear is lowest, and pro-
the cone apex. ceeds outward with increasing electric field until a complete

The operating modes of sliding-plate instruments involve shut-off of the valve occurs. The total pressure drop between
either a controlled stress or a controlled shear rate. For exam- the inlet and outlet of the valve is proportional to both the
ple, in a Couette-type rheometer, stress is controlled by at- yield stress and the length of the valve and can be as high as
taching the inner cylinder to a motor, while keeping the outer 6.9 MPa (1000 psi) (47).
cylinder fixed. The motor supplies a given torque, and the an- At zero field, all types of measurements typically give con-
gular velocity � that results in the inner cylinder is mea- sistent results for the essentially Newtonian dispersions. Un-
sured. For a Newtonian fluid, the viscosity is given by fortunately, that is not necessarily the case when the electric

field is applied because that makes ER suspensions inher-
ently anisotropic, and some observations become dependent
on the geometry. Even within the same geometry, such as

η = τ

γ̇
= −τ

R2
2 − R2

1

2R2
2	

≈ −τ
R2 − R1

R2	
(18)

flow through a rectangular duct, measurements of the appar-
ent viscosity may differ, depending on the duct gap. In fact, awhere R1 and R2 are the radii of the inner and outer cylinders,
first-order theoretical analysis suggests a decrease in appar-(�� R1) is the positive (counterclockwise) torque exerted by
ent viscosity at large gaps as a result of ER fluid anisotropythe inner cylinder on the fluid per unit area, and �̇ is the
(68). Fortunately, at least the static yield stress is not affected(negative) shear rate at R1. This result is easily derived by
and corresponding measurements are reasonably consistentsolving the Navier–Stokes equation with no-slip boundary
and independent of the geometry.conditions at the cylinders; see, for example, Sec. 18, Chap. 2,

Further discussions and review of rheometric characteriza-of Ref. 59. The last approximate expression in Eq. (18) applies
tions and testing of ER fluids can be found, for example, infor R2 � R1 � R1. In this case, the shear rate hardly falls
Refs. 6,47,64.radially, and the expression is also approximately valid for

the apparent viscosity of a Bingham plastic, provided that the
yield stress is exceeded all the way to the outer cylinder THEORETICAL MODELS AND SIMULATIONS
(61,64). OF ER PHENOMENA

Conversely, the shear rate is controlled by rotating one cyl-
inder at a given angular velocity and attaching the other cyl- Electrical interactions are clearly at the origin of the ER ef-

fect. When an electric field is applied, the particles polarizeinder to a calibrated spring, whose deflection measures the
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and in turn generate nonuniform fields. In such fields, polar- many multipolar terms. A purely dipolar system is an inade-
quate model, which cannot consistently provide correct re-ized particles, although neutral, migrate toward regions of

higher field intensity, an effect called dielectrophoresis (69). sults for actual fluids with an ER effect strong enough to be
of practical interest. For those, the higher multipolar termsSuch regions are closer to other particles, which leads to fur-

ther polarization, attraction, and aggregation. Ultimately, the provide a much stronger contribution than just the dipolar
interactions, exhibit a quite different and more complex angu-strong polar interactions produce fibrous structures preferen-

tially aligned with the applied field. In diluted suspensions, lar dependence, and decrease much faster with the distance
between the particles. Likewise, pair interactions alone can-particles may have to travel over considerable distances. In

weak applied fields, their movement may be slow. Hence, the not provide a realistic description of the self-consistent polar-
ization cooperatively induced by many particles at closeresponse time for fibrillation may be considerable. However,

for typical ER concentrated suspensions in strong applied range.
Secondly, ER fluids operate between electrodes. The basicfields, particles need to move a distance only a fraction of

their size to form fibrous structures, and a fast (millisecond) electrode configuration can be regarded as a parallel-plate ca-
pacitor (PPC), because the radius of curvature of the elec-response can occur. The subsequent evolution and reaction

of the fibrous structures under static and dynamic shearing trodes is typically much greater than their separation. Theo-
retically, the PPC configuration can be treated by consideringconditions (aggregating, stretching, tilting, breaking, and re-

forming) are ultimately responsible for all of the observed ER image multipoles of the particles. The reflection of one particle
on the right (or left) electrode results in one image, but thephenomena. Such evolution is continually determined by the

balance of the microscopic electric and hydrodynamic forces reflection of this image on the left (or right) electrode results
in a new image further away, which in turn reflects on theacting on the particles.

There is a relatively general agreement about this basic right (or left) electrode, and so on. Hence, each particle gener-
ates an infinite set of images. The electrical interaction be-scenario of fibrillation induced by polarization, which was

first envisioned by Winslow himself (2). However, which spe- tween a particle and the electrodes equals that between the
particle and all of its images, as well as the images of all thecific mechanisms are responsible for particle polarization in

various types of ER fluids has not yet been fully established. other particles. The image multipoles are not equal to those
of the real particles, although they are related [see Eq. (26)Some models involve electrical double layers typically pro-

duced by ions in water surrounding the particles. Other mod- later]. Hence, the system cannot be equivalently described by
an infinite system, consisting only of real particles immersedels focus on the interfacial polarization resulting from the dif-

ference in permittivities between the particles and the in a uniform external field (UEF), somehow produced by fixed
external charges. Basic ER properties, such as yield stressdispersing medium. These two types of models may be equiva-

lent in some instances, for example, for thin double layers and apparent viscosity, crucially depend on regions where the
weakest electrical interactions occur, because particle chainsand particles with thin coatings, or they may be essentially

incompatible, for example, for double layers presumed to act typically break there first. Therefore, it is necessary to find
out whether these regions occur near the electrodes or in thethrough large distortions and overlap. In any event, the ER

activity is controlled much more by interfacial effects than bulk, depending on the system and the static or dynamic
shearing configuration (15,18,19,70). The UEF configurationdielectric bulk properties of the particles. A more detailed and

precise understanding of the microscopic structures and phe- may provide results equivalent to the PPC configuration in
the bulk, but it cannot account for exact particle interactionsnomena occurring at the particle surfaces is required for intel-

ligent selection and development of more effective ER fluid near or with the electrodes. In fact, surface effects cannot be
calculated ignoring the image multipoles, because their con-components. In parallel with the uncertainties in character-

ization and microscopic description of electrical interfacial tributions near the electrodes are different but just as impor-
tant as those of the particles.properties and partly as a result of those uncertainties, there

is no definitive account of how fibrillation develops and Thirdly, real particles in ER fluids cannot be treated as
uniform spheres because they typically have a nonuniformevolves under shear, what relaxation times are involved at

various stages, and various other dynamical characteristics. electrical response and a complex structure, which required
both to augment the ER effect and to stabilize the fluid (re-More detailed discussions and references on various proposed

models and mechanisms for the ER effect can be found, for call, for example, the corresponding roles played by activators
and surfactants). A uniform electric field induces only a dipoleinstance, in Refs. 6, 18, 19, 27, and 70.

A complete and truly predictive theoretical account of ER moment on a spherical particle. In that case, the usual polar-
izability, which is the ratio between the induced dipole mo-phenomena must satisfy two essential requirements. The first

is the proper and quantitative treatment of the underlying ment and the uniform electric field, is sufficient to describe
the electrical response of the particle. However, a multipolarelectrical interactions. The second requirement is the model-

ing and simulation of the fibrous structure statics and dynam- electric field induces multipolar moments on any particle
(even on a simple homogeneous sphere). Therefore, to beginics based on the adequate treatment of both electric and hy-

drodynamic forces. with, a realistic description of ER fluids requires determining
the complete electrical response of isolated complex particlesWith regard to the first requirement, three crucial features

must be considered. First, the electrical interactions in ER to any field. This involves generalized polarization coefficients,
defined as the tensorial ratio between a multipole of givenfluids are inherently multipolar and multiparticle. Because

particles are in contact or very close to one another, the elec- order induced on the particle and the inducing multipolar
field component of any other order.tric field that they contribute is very complicated and varies

rapidly on the scale of the particle dimensions. The great These complexities in electrical interactions have limited
most theoretical models and simulations of ER phenomenastrength of the resulting electrical interactions derives from
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largely to dipolar approximations. As a result, even though electrical forces between the particles. Then,
those models and simulations may suggest real effects in
some respects, none can be regarded as conclusive, nor is
there any rigorous way to select one model over another. η ∼ η∞

(
κv
Mn

+ 1
)

(24)

However, full treatments of multipolar interactions have been
progressively developed (71–76), and a complete theory and where � � 0.5 is a system-specific parameter. This scaling
computational scheme of electrical interactions in ER fluids, relationship agrees fairly well with observations in a rather
which includes all three crucial features just mentioned, has wide range of fields and shear rates for any given system
recently become available (75–76). Therefore, the first essen- (64, 78).
tial requirement for a truly predictive theoretical account of Encouraged by the apparent success of these and other
ER phenomena has in fact been fulfilled, even though the sec- simple dipolar estimates, several dipolar models and simula-
ond still has not. tions have been developed to provide microscopic descriptions

The widespread use of dipole approximations also results of ER phenomena. Despite their ingenuity and value in sug-
from the fact that, occasionally, dipolar estimates are suffi- gesting the possiblity of various mechanisms, none of these
cient to suggest trends roughly agreeing with observation. For models or results can be regarded (nor has been claimed) as
example, consider a uniform sphere of radius a and dielectric conclusive. The limiting factor essentially derives from the
constant �p in a host medium of dielectric constant �h. A uni- underlying dipolar approximations, which at the very least
form electric field E acting on the particle induces a dipole forbid any rigorous or truly quantitative prediction.
moment (see, for example, Sec. 4.4 in Ref. 77) Given the power available for current computation, now it

is feasible to fully implement the rigorous treatment of the
electrical interactions in similar molecular dynamics andppp ∝ βa3EEE (19)
Monte Carlo simulations. Accurate inclusion of all significant
hydrodynamic forces is also possible. Therefore, a ‘‘secondwhere
generation’’ of truly predictive simulations and microscopic
descriptions of ER phenomena fully satisfying both essential
requirements described previously is expected. This may fi-

β = εp − εh

εp + 2εh
(20)

nally provide a complete theoretical understanding of the un-
derlying mechanism of the ER effect, which has been recom-If two particles with such induced dipole moments interact,
mended by the DOE expert panel as a critical research needthe corresponding force between them is proportional to p2/a4

to guide the development of new ER materials and devicesat contact. Then, the yield stress scales as
(42). Thus we refer, for example, to Refs. 6, 18, 19, and 78–80
for reviews of ‘‘first generation’’ models and simulations, andτy(E) ∝ β2E2v (21)
in the last section of this article we focus on the foundations
and some key technical elements of the exact theory of electri-where v is the volume fraction of the particles in the fluid.
cal interactions in ER fluids, which is already well estab-Quadratic dependence on the electric field of the yield stress
lished.is basically confirmed by observations. However, we show in

the next section that in a complete theory of electrical interac-
tions this is just a consequence of linear response in a fixed

THEORY AND COMPUTATION OF ELECTRICAL
or steady-state configuration, regardless of any dipolar model

INTERACTIONS IN ER FLUIDS
or approximation. Equation (21) further suggests a linear de-
pendence of the yield stress only on the volume fraction of the The electrical response and activity of an ER fluid is ulti-
particles, not on their absolute size. This is also confirmed by mately determined by the microscopic structure and the com-
experiment, at least for particles not so small (in the submi- plex dielectric functions of all of the fluid components,
cron range) that Brownian motion effectively reduces the namely, the host liquid and the composite particles, including
yield stress. all sorts of coating layers. In turn, these complex dielectric

Introducing the yield stress scaling in the Bingham plastic functions result from the contributions of all mobile charges.
model, the apparent viscosity may behave as Hence, they are generally frequency-dependent, and so is the

resulting ER activity. The imaginary part of a complex dielec-
tric function, associated with the conductivity of a particularη = τy(E)

γ̇
+ η∞ ∼ η∞

(
ε0εhvβ2E2

η∞γ̇
+ 1

)
(22)

component, may be dominant. Microscopically, that may be
produced by light electrons, or by mobile ions at low frequen-

suggesting an approximate dependence of the apparent vis- cies. It is generally advantageous to have those components
cosity on the so-called Mason number, defined as at or near the particle interfaces to enhance the electrical in-

teractions and the resulting ER effect.
The precise characterization of the microscopic structure

and the complex dielectric functions of all of the fluid compo-
Mn = ηhγ̇

2ε0εhβ2E2 (23)

nents may be difficult in practice, but is clearly required for
any quantitative modeling and understanding of ER phenom-where �h is the viscosity of the suspending host medium. Evi-

dently, the Mason number represents the ratio between the ena. Thus, a complete theory of ER fluids must consider parti-
cles of arbitrary structures, immersed in a dispersant hostorder of the hydrodynamic viscous forces microscopically ex-

erted by the dispersant on the particles and the order of the medium of dielectric function �h, filling the space between two
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parallel electrode plates at a constant potential difference V0, These equations provide the general definition of the linear
polarization coefficients (82), that is,and located at z � �d/2 and z � d/2, respectively.

Let us denote the position of the nth particle by rn, and
the multipole moments (with respect to rn) by qnlm. The posi-
tion of the kth image, resulting from the kth reflection on the λ

l1m1
nlm

= 1√
12πε0

∂qnlm

∂El1m1

∣∣∣∣∣
0

(31)

right (k � 1, 2, 3, . . .) or left (k � �1, �2, �3, . . .) elec-
trode, is given by where �0 means that the derivatives are evaluated at El1m1

�
0, for all l1, m1. These polarization coefficients are generaliza-rrrnk = {xnk, ynk, znk} = {xn, yn, kd + (−1)kzn} (25)
tions of the usual (dipolar) polarizability and depend on the
structure and orientation of the particle. Symmetries therein

The corresponding image multipole moments are given by may restrict the number of terms contributing to Eq. (30). For
[see Eq. (10) of Ref. 81] example, spherical symmetry requires a diagonal response,

that is, only terms with l1 � l and m1 � m may not vanishqnlmk = (−1)(l+m+1)kqnlm (26)
(see, for example, Eq. (42) for coated spherical particles). For
nonlinear particles, additional (and more complex) nonlinear

Obviously, for k � 0, rn0 � rn and qnlm0 � qnlm correspond to polarization coefficients must be similarly introduced (83).
the particles themselves. From Eq. (27) for the local potential and Eqs. (30)–(31)

The local electric potential acting on the nth particle is defining the polarization coefficients, we obtain a self-consis-
given by [see Eqs. (14) and (15) of Ref. 81] tent set of linear equations for all of the multipole moments:

qnlm + 3
∑

n1 l1m1

qn1 l1m1

×

 ∑

l2m2

λ
l2m2
nlm

∑
k

(−1)(l1+m1+1)kAl1 ,m1
l2 ,m2

(rrrn1k − rrrn)




=
√

12πε0λ
10
nlmE0 (32)

This shows that the electrical response is completely and
uniquely determined by the polarization coefficients of the
particles and the microscopic configuration of the system (de-

U local
n (rrr) = −

√
4π

3
E0|rrr − rrrn|Y1,0(rrr − rrrn)

+ 1
ε0

∑
l1m1

|rrr − rrrn|l1Yl1 ,m1
(rrr − rrrn)

×

 ∑

n2 l2m2

∑
k

Al2 ,m2
l1 ,m1

(rrrn2k − rrrn)(−1)(l2+m2+1)kqn2 l2m2




≡ −
√

4π

3

∑
l1m1

El1m1
|rrr − rrrn|l1Yl1 ,m1

(rrr − rrrn)

(27) termined by the positions and orientations of all the parti-
cles). In principle, the set of linear equations for all of the

where the coupling coefficients are multipole moments is infinite. In practice, the results are well
behaved and converge at finite orders of images (k0) and
multipole moments (l0), although l0 is typically large for parti-
cles at close range. Diverging exceptions occur at most for ex-
treme cases of infinitely conducting and perfectly touching

Al ′ ,m′
l,m (rrr − rrr′ ) =


[Al ′ ,m′

l,m
]
Y ∗

l+l′ ,m−m′ (rrr − rrr′)

|rrr − rrr′|(l+l ′+1)
, (rrr 
= rrr′)

0, (rrr = rrr′)
(28)

particles, where classical theory itself becomes inadequate.
In Eqs. (27) and (28), Yl,m(r) are spherical harmonics, and This is not a problem in practice because highly conducting

particles must be insulated with thin coatings, to prevent
charge transfer between them at contact and to avoid a corre-
sponding large conduction through the ER fluid (29–32).

Now let us consider the total electrostatic energy stored in
the system, which is given by [see, for example, Eq. (4.83) of

[Al ′ ,m′
l,m ] =(−1)(l ′+m′ )

[
4π

(2l + 1)(2l ′ + 1)(2l + 2l ′ + 1)

]1/2

×
[

(l + l ′ + m − m′)!(l + l ′ − m + m′)!
(l + m)!(l − m)!(l ′ + m′ )!(l ′ − m′ )!

]1/2
(29)

Ref. 77]:

are numerical coefficients. There are clearly three contribu-
tions to the local potential in Eq. (27) that derive from the W = 1

2

∫
V

ρ f (rrr
′ )U (rrr′)dV ′ (33)

applied field E0 � V0/d, the field produced by all of the other
particles, and the field produced by all the images (including where V, �f (r), and U(r) are the volume, free charge density,
those of the nth particle under consideration). All orders of and electric potential of the system, respectively. The contri-
multipole moments (l � 1, 2, . . ., m � 0, �1, . . ., �l) are in- bution from the right electrode plate (at z � d/2) vanishes
cluded. because Uz�d/2 � 0. From now on let us assume that the host

The nth particle may have an arbitrary shape or structure, medium is nonconducting (further consideration of a conduct-
but if its electrical response is linear (within the range of the ing medium can be found in Ref. 76). Then, the contribution
applied field), the multipole moments induced on such a parti- from inside the system also vanishes, because there is no free
cle must be a linear combination of the multipolar compo- charge density in either the medium or nonconducting parti-
nents El1m1

of the local potential, namely, cles, and there is no net free charge on equipotential surfaces
of conducting (neutral) particles. Hence, the only contribution
to Eq. (33) derives from the left electrode plate and amounts
to the free charge Qf on the electrode plate times V0. Qf in-

qnlm =
√

12πε0

∑
l1m1

λ
l1m1
nlm

El1m1
(30)
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cludes two parts, one from the applied potential and the other system volume:
induced by the particles. Using a standard result [see, for ex-
ample, problem 1.13, p. 51, of Ref. 77],

τy = −
(

∂E

∂(Vθ )

)
V0

= 1
2V

εh
∂

∂θ

(
E0

∑
n

pnz

)
V0

(41)

Qf = ε0εh
V
d

E0 + εh

d

∑
n

pnz (34)

Its maximum, varying �, provides the yield stress. Clearly,
the results depend on the system configuration. A few otherwhere pnz � �4�/3qn10 is the z-component of the dipole mo-
specific examples are provided later.ment in Cartesian coordinates. Hence,

The previous equations indicate the evolution of the sys-
tem from an initially disordered configuration when a poten-
tial difference is suddenly applied. Driven by the electricalW = V

2
ε0εhE2

0 + 1
2

εhE0

∑
n

pnz (35)

source, the system undergoes a continuous change until it
reaches a microscopic configuration of maximum total dipoleThe first term in Eq. (35) is the same constant that we have
moment (hence, polarization). The total electrostatic energywhen the medium alone fills the capacitor, and the second
W is maximized, and the interaction energy E is minimized.term derives from the particles (including their interfacial po-
The work done by the electrical source splits equally into me-larization with the medium).
chanical work done by the system (negative of the interactionWhen the positions and orientations of the particles
energy change) and total electrostatic energy stored in thechange, the induced dipole moments change. That in turn
system. Thus, the ground state of the solidified ER fluid hasproduces a change in Eq. (34), corresponding to a charge
maximum total dipole moment and total electrostatic energytransfer between the two electrodes. Then, the work done by
and minimum interaction energy. We may note that in thethe electrical source (battery) in response to a change in the
uniform external field (UEF) configuration, the electrostaticmicroscopic configuration is given by
energy formally coincides with Eq. (38) (see, for example, Eq.
(4.94) and Sec. 4.7 of Ref. 77) and is minimized in the ground
state. Then results equivalent to those of the parallel plate
capacitor (PPC) configuration may be obtained for forces in

�Wb = V0�Qf = εhE0�

(∑
n

pnz

)
V0

(36)

the bulk, formally corresponding to a Legendre transforma-
tion (84). On the other hand, of course, no surface effect canwhere the subscript V0 indicates that change must be done
be properly treated in the UEF configuration.while keeping the potential difference between the electrodes

An important fact shown by Eq. (39) is that forces do notconstant. Subtracting Eq. (36) from the change in Eq. (35), we
depend on the absolute values of dipole moments in a certainobtain the work mechanically done on the system to change
configuration but only on the variations of such dipole mo-its configuration:
ments when the configuration changes (virtually and infini-
tesimally). This shows that the ER effect is purely a local field
effect. It is caused by the change induced on the local field
acting on each particle by a virtual variation of microscopic

�E = −1
2

εhE0�

(∑
n

pnz

)
V0

(37)

configuration. That changes the polarization of the particles,
hence, the interaction energy. The fixed-dipole approximationFrom this, we can define the interaction energy as
considers forces between dipole moments induced on the par-
ticles only by a constant (applied) field without any regard for
local field changes. That approximation is unrelated even in

E = −1
2

εhE0

∑
n

pnz (38)

principle to the real ER effect.
Furthermore, it important to note that although Eqs. (34)–Then, the total electrostatic force exerted by the system (in-

(41) depend explicitly only on dipole moments, these must including the effect of the battery) associated with the displace-
turn be determined with Eq. (32), that is, with full self-consis-ment of a generalized coordinate � is given by
tent coupling to all higher multipole moments. The dipole ap-
proximation consists of truncating Eq. (32) just at the dipole
level (i.e., l0 � 1). This includes part of the local field effect,
but the approximation remains largely inaccurate, because

Fξ = −
(

∂E

∂ξ

)
V0

= 1
2

εh
∂

∂ξ

(
E0

∑
n

pnz

)
V0

(39)

many more multipole moments are actually coupled when the
particles are at close range or aggregate.These equations allow us to compute the exact electrostatic

To understand the dependence of the yield stress andinteractions in ER fluids. For instance, if we need to compute
other generalized forces on the applied field E0, we recall thatthe electrostatic force on any given particle, we take � as a
all of the multipole moments induced on the individual parti-coordinate of that particle, or �/�� � 
n, and
cles are assumed to be linear in the local field [Eq. (30)], and
that the coupled equations [Eq. (32)] are linear in the multi-
ple moments. However, Eq. (32) also involves the system con-
figuration, which is generally affected by the applied field (as

fff n = −∇n(E )V0
= 1

2
εh∇n

(
E0

∑
n

pnz

)
V0

(40)

well as shearing and other conditions). Therefore, the re-
sponse of the system is generally a nonlinear function of theOn the other hand, if we wish to compute the shear stress,

we take � as the angle � for tilting parallel chains times the applied field, especially over a wide range. However, if the



ELECTRORHEOLOGY 747

system configuration is fixed, as in a solidified ER fluid, or
reaches a steady-state equilibrium under shear flow, it be-
comes independent of E0, and the dipole moments become pro-
portional to E0 even through the coupled Eq. (32). Then, the
yield stress and other generalized forces become proportional
to E2

0 through Eq. (39) (the change in configuration is only
infinitesimal therein). This by no means validates any dipolar
approximation, which may also predict such quadratic depen-
dence, because that still ignores coupling to higher multipoles
and local field effects.

Now we discuss a few basic examples of exact results that
can be obtained for different forms of single chains. In these
numerical calculations, multipole moments up to l0 � 300 and
images up to k � �20 have been included, with a correspond-
ing estimated error below 1%. We consider identical spherical
particles (hence, omit the particle index n) with a linear re-
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sponse in a core of radius a and dielectric constant �c and Figure 3. Electrostatic force between the left electrode and a single
another linear response in a coating layer of outer radius b particle (solid squares), a two-particle chain (crosses), and a five-par-
and dielectric constant �s. Because of symmetry, each multipo- ticle chain (asterisks), as functions of the distance (x) between the left
lar component of the local potential can induce only one electrode and the (leftmost) particle surface. The particles have a con-
multipole moment of the same order on spherical particles. ducting core of radius a � 0.95, plus an insulating coating shell of

outer radius b � 1.0 and dielectric constant �s � 10.0. Force valuesFor coated spheres, the complete set of polarization coeffi-
are in millidynes for an electric field of 1 kV/mm and an outer radiuscients is given by (76,85)
of 10 �m.

Figure 3 shows the electrostatic force between one elec-
trode and chains with various numbers of particles as a func-
tion of distance from the left electrode. The figure shows
clearly that the images attract the particles toward the elec-
trodes (the UEF model obviously cannot account for such at-

λl ′ m′
lm = 1

3
l(2l + 1)δl ′

l δm′
m b(2l+1)

×
(εs − εh)[lεc + (l + 1)εs] + (εc − εs)[lεh + (l + 1)εs]

(a
b

)(2l+1)

[lεc +(l+1)εs][lεs+(l+1)εh]+l(l+1)(εc−εs)(εs −εh)
(a

b

)(2l+1)

(42) traction to the electrodes). Notice that the attractive force de-
creases rapidly as the distance from the electrode increases,

For a metal core, one can take the limit �c � � in Eq. (42) a clear manifestation of the multipolar nature of the interac-
and obtain tions.

Now we consider the crucial issue of the strength of the
ER effect and its dependence on the properties of the ER fluid
constituents. An indicator of such strength is the longitudinal
force required to break a chain whose particles are in contact

λl ′ m′
lm = 1

3
(2l + 1)δl ′

l δm′
m b(2l+1)

×
l(εs − εh) + [(lεh + (l + 1)εs]

(a
b

)(2l+1)

[lεs + (l + 1)εh] + (l + 1)(εs − εh)
(a

b

)(2l+1)

(43)

For uniform spheres, one can immediately take �s � �c (or let
a � b) in Eq. (42).

The following numerical results have been obtained with
�h � 1.0 for simplicity. As units for the electric field and the
particle outer radius, we use the typical values E0 � 1 kV/mm
and b � 10 �m. The corresponding forces are given in Figs.
3–7 in units of millidynes. Recalling that forces scale with
E2

0 for linear response and with b2, if all distances in the sys-
tem (including a) are scaled proportionally to b, force values
for different fields and particle radii can be immediately ob-
tained from the same figures. On the other hand, these calcu-
lations are confined to individual chains and their breaking
at single points. Therefore, no precise value for any compo-
nent of the yield stress tensor can be immediately obtained.
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However, dividing by the area 4 � 10�6 cm2 of a particle diam- Figure 4. Binding force of a chain of uniform spheres of unit radius
eter squared, we can estimate that a force of 100 millidynes and dielectric constant �c, stretching between the two electrodes, as a
translates into a yield stress tensile component of the order function of �c. The left ordinates refer to the dipole (crosses) and fixed-
of 2.5 kPa, which agrees with stress values typically observed dipole (asterisks) approximations, whereas the right ordinates refer

to the exact results (solid squares).for E0 � 1 kV/mm.
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and span the gap between the two electrode plates. Such a
force, whose negative we call binding force, is directly related
to the static tensile yield stress, except that a bundle of chains
or a columnar structure should be considered in a more realis-
tic microscopic configuration. Because of symmetry, the bind-
ing force is independent of the chain length and is the same
for breaking the chain anywhere. On the other hand, the UEF
model, lacking the images, yields binding forces that artifi-
cially weaken toward the chain ends (75). The experimental
situation is more complicated. For example, one may observe
that thin fibrils fracture in the middle, whereas thick columns
break at the electrode (15, 70). This indicates (1) that surface
adhesion plays an important role, and (2) that forces between
chains are significant when they form thick columns. Surface
adhesion may be included, at least phenomenologically, in the
modeling and simulation of specific systems, and interchain
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electrical forces can be calculated accurately within the theo-

Figure 5. Binding force of a chain of spheres with an insulating core retical framework outlined (although no such calculations
of radius a � 0.95 and dielectric constant �c � 10.0, plus an insulating have yet been performed in detail).
coating shell of outer radius b � 1.0, as a function of the coating Here we compute the binding force only in single chains of
dielectric constant �s. uniform spheres, spheres with a dielectric core and a dielec-

tric coating layer, and spheres with a metal core and a dielec-
tric coating layer. The corresponding results are plotted in
Figs. 4–7.

Figure 4 shows that the ER effect for uniform spheres in-
creases with contrast, which is the ratio between the dielec-
tric constant of the particles and that of the medium. For
coated dielectric spheres, Fig. 5 shows that the ER effect in-
creases with the dielectric constant in the coating. This is con-
sistent with the observation that activators with large dielec-
tric constants surrounding the particles dramatically increase
the ER effect, even when the particles themselves are not
very ER active. Figure 6 shows that also for particles with a
metal core, the larger the coating dielectric constant, the
greater the ER effect. Figure 7 further shows that the thinner
the coating layer (as long as it is adequate to keep the metal
core insulated), the greater the ER effect.

These results demonstrate that the greatest binding force
is obtained with coated metal spheres. This supports the
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S search for anhydrous ER fluids based on conducting particles
surrounded by thin and highly polarizable insulating shells.Figure 6. Same as Fig. 5 but for particles with a conducting core.
Note, however, that metal spheres with thick or low-polariz-
ability coatings are still not particularly ER effective. This
may be one of the reasons why insulated metal particles have
not yet conclusively demonstrated substantial ER activity in-
dependent of water (37).

Improved stability against gravitational and centrifugal
settling is attained by reducing the weight of structured parti-
cles. Thus, one may fabricate doubly coated spheres, con-
sisting of a light dielectric core, a thin metal coating, and an
outer dielectric coating (still needed to prevent conduction
through the system) (31,32). At least at low frequencies, the
electrostatic interactions among such doubly coated spheres
should be independent of the core material. In fact, they
should be the same as those of singly coated metal spheres
(29,30), because the metal layer completely screens the pene-
tration of the electric field into the inner core, and thus the
polarization coefficients are the same as in Eq. (43).

Figures 4–7 clearly show that the fixed-dipole (asterisks)
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a and the dipole (crosses) approximations underestimate by two
or more orders of magnitude the value of the binding force, aFigure 7. Same as Fig. 6, but with fixed coating dielectric constant

�s � 20.0 and varying core radius a. fact typically confirmed by comparison with experiments (14,
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15, 21, 86, 87). and even fail to describe the correct trends. In ticles, may very well need super or parallel computing re-
sources. However, this is also the case for other presentlyfact, the dipole approximations exhibit systematic saturation,

as expected from the dipolar polarization coefficient �10
10, which developing fields in computational physics. Therefore, com-

plete theoretical understanding and predictive computation ofsaturates when �c and �s increase. However, the exact binding
force never saturates, and grows faster with increasing �c and ER phenomena and materials may be attained in the near

future.�s, as higher and higher multipoles contribute. Experiments
have shown that the ER effect does not saturate with increas-
ing particle–medium dielectric mismatch, contrary to dipole
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