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B AD AN IA  EK SPER Y M EN TA LN E CIECZY  ELEK TR O R EO LO G 1C ZN EJ

Streszczenie. W pracy omówiono własności cieczy elektroreologicznej, stanowisko 
pom iarow e do wyznaczania jej własności mechnicznych oraz przykładowe wyniki badań 
doświadczalnych. Zaproponow ano oryginalną m etodę analizy stanu odkształcenie- 
napreżenie, k tórą wykorzystano do opisu dynamiki układów z zastosowaniem tłumików 
elektroreologicznych.

AN E X PE R IM E N TA L  STUD Y  O F E LE C T R O R H E O L O G IC A L  FLU ID

Summary. M echanical properties of electrorheological fluid, the used experim ental rig 
and the exemplary results are presented. A  novel original m ethod o f stress-strain analysis 
was form ulated and utilized to examine dynamic responses of simple mechanical systems 
with electrorheological dampers.

E X PE R IM E N T E L L E  PR Ü FU N G EN  EIN ER  ELE K TR O R H E O L O G ISC H EN
FLÜSSIGK EIT

Zusam m enfassung. In der arbeit hat man die Eigenschaften einer elektrorheologischen 
Flüssigkeit, eine M eßstelle fur die Bestimmung ihrer mechanischen Eigenshaften sowie 
die Beispiele behandett. Z ur Analyse des Zustandes: Form anderung-Spannung wurde 
eine originelle M ethode Vorgeschlagen, welche fur die D arstellung des dynamischen 
V erhaltens von System unter Anwendung der elektrorheologischen D am pfter geeigent 
war.

1. IN TR O D U C TIO N

By the application o f an electric field to an electrorheological fluid an ’apparen t' 
change in viscosity can be achieved. This caused by formation of fibres of semiconducting 
particles in the fluid. The particles behave as dielectrics and so form chains in the 
direction of the electric field. W hen the fluid is sheared additional energy is necessary to 
b reak the bonds betw een particles, as well as overcome the shear forces due to the 
viscous effect of the fluid [1], In this paper an experim ental investigation is presented 
which highlights the nature of the mechanism occurring within an activated 
electrorheological material. T he positive application of E R  fluids to engineering devices
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and systems is enorm ous. T he fluid is very versatile in that it brides the betw een solids 
and liquids. By designing a system incorporating ER  elem ents the need for servo-valving 
could be elim inated. The use of E R  fluid in the control of vibration would help exclude 
the prerequisite for an interm ediate mechanical links betw een link the electronic 
controller and dam ping media. Extensive variation of the m echanical properties of the 
fluid m ake torque drive couplings and clutch systems m ore appealing than conventional 
ones which suffer considerable mechanical wear. A reas of application lie in the field of 
vibration isolation such as engine mounts [7] and shock absorbers [4], Drive clutches are 
also a practical application [3].

T he electroviscous effect can be dem onstrated using a variety of solid/fluid mixtures.
Of the m ore versatile liquids to be developed, the suspension of polymer particles in 
silicon oil at p resent seems to  offer the best properties. Several authors have shown the 
basic characteristics o f differing E R  fluids [8-11], but Powell [12] has reported  a m ore in 
depth study recently.

2. SH EA R  STRESS-STRAIN R A TE PLANE

T he purpose of this section is to give the reader an understanding of how the energy 
storage and dissipation mechanisms appear in he shear stress strain ra te  planes. The use 
of these planes aids whe understanding of the experim ental data. A nother factor which 
needed to be taken  into account was the inertia effect of the fluid and central bob 
assembly. A  typical exam ple of an energy storage elem ent is the linear spring. The force 
in the spring in proportional to the extension, hence, in the shear stress-stain plane a 
linear variation in the force was seen, with the slope of the line being the spring stiffness, 
k. T he appearance  of the stiffness force in the plane of shear, stress-strain rate was then 
deduced. A  m ean of transferring the stiffness force onto the ortoghonal plane was 
required. By viewing the graph of shear 
stress against stain with the addition of 
the third axis, strain rate, transference of 
a function in one plane could be m ade to 
ano ther by utilising the phase plane.

C onsider the tim e histories of a 
sinusoidal strain and its associated strain 
ra te  o f change of strain rate, figure 1(a)
(not drawn to a relative scale). For the 
first quarter cycle of m otion the product
of the strain and strain rate are positive Rys- 1 (a) Przebiegi czasowe odkształcenia (y), prędkości

odkształcenia (y) i przyspieszenia odkształcenia (y), 
therefore in the second lying in the (b) lrajektoria na płaszczyźnie fazowej

Fig. 1 (a) Time histories of strain (y), strain rate 
(y) and strain acceleration (y); (b) direction of the 
trajectory in the phase plane
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second quadran t of the phase plane, 
t'iaure 1(b). For the second quarter 
cycle of m otion the strain rate 
changes sign and in the third quarter 
cycle cycle of m otion so does the 
strain. This defines the direction of 
the trajectory in the phase plane as 
clockwise. The graph in figure 2(a) 
contains the plane in which the
stiffness force lies, inclined at an F'g. 2  (a) t - y - y  graph showing stiffness plane ( 1 )  w i t h

, . „  projected trajectory; (b) r-y and r-y planes showinu
angle a to the y-y plane. By stiffness as an anticlockwise ellipse 
projecting the path of phase plane Rys. 2 (a) Płaszczyzna sztywności (1) na wykresie
onto this inclined plane the trajectory ™ " ie J;V-Y wraz ze zrzutowaną trajektorią,

r  (b) sztywność jako lewoskrętna elipsa na płaszczyźnie
for sinusoidal m otion would be t-y oraz t-y

elliptical. The shear stress - stain rate plane and the direction of the trajectory of the 
stiffness can be seen by looking in the direction of the arrow, as 
shown in figure 2(a). The resulting shear stress- strain diagram can be seen in figure 2(b). 
The sam e technique can be applied to viewing energy dissipation mechanisms such as 
viscous dam ping in the shear stress-strain ra te  plane. Figure 3(a) describes the trajectory 
of viscous damping, the observed plane can be shown to be clockwise in nature as seen 
in figure 3(b). The trajectory is again elliptic in shape.

The presence of a tangential acceleration due to an oscillatory motion give rise to 
large inertial forces at elevated frequencies. An inertial force is 180° out of phase 
with the strain (or elastic force), the
strain acceleration is shown in figure 
1(a). T he resulting inertial force 
would appear as a straight line in the 
shear stress-strain plane, like a 
stiffness with a negative slope, figure 
4(b). By applying the same principles 
it can be shown qualitatively that an 
inertial force will be elliptic in nature 
when viewed in the shear stress-strain 
rate plane. T he trajectory in this 
plane would be clockwise, opposite in 
direction to the stiffness plane. By 
making use of the information 
presen ted  in this section, the types of 
forces p resent in an activated E R  fluid

Fig. 3 (a) r-y-y graph showing damping plane (2) with 
projected trajectory; (b) t - y  and t - y  planes showing 
viscous damping as an clockwise ellipse

Rys. 3 (a) płaszczyzna tłumienia (2) na wykresie 
w układzie t - y - y  wraz ze zrzutowaną trajektorią,
(b) tłumienie wiskotyczne jako prawoskrętna elipsa 
na płaszczyźnie t - y  oraz t - y
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are deduced in the experim ental results. Consideration of this inform ation also proved 
invaluable when developing m athem atical models.

3. E X PE R IM E N T A L  RESU LTS

T he experim ental set-up was designed with the objective of classifying the physical 
properties of the electrorheological fluid. From the available literature [1] it was apparen t 
that the fluid when electrified exhibited simultaneously two main properties, that of a 
dissipator of energy and a storer of energy. The mechanisms occurring physically within 
the fluid would be som e functions of strain and stress rate. T herefore it was decided to 
view the response of the fluid in graphs of shear stress versus strain and shear stress 
versus strain rate. F rom  these graphs the characteristic behaviour o f the fluid could most 
likely be deduced. Also, the time 
histories of these param eters could 
be viewed for additional 
information.

T he results in this section show 
the response of the E R  fluid to an 
oscillatory strain, for different 
frequencies and strain amplitudes.
These are  presen ted  as time 
histories of strain, strain ra te  and 
shear stress. Also shown are the 
shear stress-strain ra te  and shear 
stress-strain diagrams. A  sam ple of 
the types o f responses obtained are 
given.

0 kv/mm field strength case 
U nder zero electric field conditions the E R  fluid was subjected to an oscillatory' strain 
at several frequencies. In figure 5(a) the shear stress-strain rate diagram shows direct 
proportionality betw een the ordinate and abscissa, this is the requirem ent for 
N ewtonian flow. T he strain for this test was 1.7452 peak to peak at a frequency of 4 
Hz. U nder zero electric field the E R  fluid behaved in a Newtonian m anner for all 
strain am plitudes and frequencies. In the shear stress-strain diagram  an ellipse can be 
seen which had a clockwise trajectory, this was due to viscous shear force being 90° 
out of phase with the strain.

Fig. 4 (a) r -y -y  graph showing inertia  plane (3) with 
projected  trajectory; (b) r - y  and r - y  planes showing inertial 
force as an clockwise ellipse 

Rys. 4 Płaszcyzna bezwładności (3) na wykresie 
w  układzie -r-y-y w raz ze zrzutow aną trajektorią,
(b) siła bezw ładności jako  praw oskrętna elipsa 
na płaszczyźnie T -y  o raz  t - y
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1.33 kv/mm field strength case 
The highest field strength used in this set of experiments was 1.33 kv/mm. Figure 5(b) 
shows the response for a strain of 3.4904 at a frequency of 10 Hz. The shear stress-strain 
rate diagram  shows that the yield stress was of the sam e m agnitude, but the maximum 
value was reached gradually. The maximum value of stress attained during the portion 
of the cycle w here elastic behaviour occurred was seen to  decrease by approxim ately by 
one third. This was in agreem ent with the reduction in the areas of the loops at 
maximum and minimum strain rates, shown in figure 5(b). Several authors have noted
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Figs S T i m e  histories for (a) frequency =  4 H z and electric  field s trengh t =  0 k v / m m ;  
fb) frequency =  10 H z and electric  field =  1.33 kv/mm

Rys. 5 Przebiegi czasowe (a) dla częstotliwości 4 H z i natężenia pola elektrycznego 0 kV;
(b) dla częstotliw ości 10 H z i natężenia pola elektrycznego 1.33 kV/mm

the field strength squared dependency of the yield stress [1]. The experim ental 
param eters r  for a  strain of 5.3260, w here plotted against the electric field squared, 
shown in figure 6. A  direct proportionality betw een the yield stress and the square of the 
square of the electric field can be noted. This is in keeping with others authors results.
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4. C ON CLU SIO NS

The experim entation undertaken on the behaviour o f the activated electrorheological 
fluid gave consistent evidence of the formation of a structural skeleton within the ER  
material. F rom  consideration of the electroviscometer experim ental results, one can come 
to the following conclusions on E R  m aterial behaviour:
(1) T he sustainable yield stress in the activated E R  m aterial increased monotonically with 
applied electric field strength. The yield stress was shown to vary linearly as a function 
of the electric field strength squared. The existence of a yield stress within the E R  
m aterial pointed strongly toward the presence of 
some kind of form ed structure. F or larger amplitudes 
(strains) across the E R  m aterial the magnitude of the 
yield stress decreased somewhat, indicating the 
disruption of the form ed structure.
(2) T he level of hydrodynamic (viscous) type forces 
in the activated E R  m aterial increased with 
increasing electric field, above a certain value of 
am plitude. Below a certain am plitude threshold the 
E R  m aterial behaved as an elastic solid with no 
apparen t viscous forces participating, as the 
am plitude increased the m aterial changed from a 
Binham plastic (with a sustainable yield stress) to strength squared

wholly viscous system. This leads one to conclude Rys. 6 Granica plastyczności w funkcji
that the larger am plitude motion caused increased pierwiastka natężenia pola

hydrodynamic flow within the structure, which then 
contributed to the disruption of the structure itself.
(3) An elastic force was seen on application of an electric field. T he elastic force was 
g reater for lower am plitudes and in general was far m ore distinct when the viscous forces 
w ere less noticeable. T he elasticity was nonlinear in nature, the equivalent linear stiffness 
decreasing with increasing amplitude.
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Streszczenie

Zastosowanie zmiennego cieczy elektroreologicznej (E R ) umożliwia wygodne 
sterow anie współczynnikiem lepkości poprzez zmianę pola elektrycznego, w którym ta 
ciecz się znajduje. Pozwala to na bardzo prostą zmianę współczynnika tłum ienia w 
układzie dynamicznym. Fakt ten wskazuje na bardzo szerokie potencjalne możliwości 
zastosow ania cieczy E R  w wielu dziedzinach.

M echanizm em , który umożliwia zmianę współczynnika lepkości w taki właśnie sposób 
jest form owanie się "włókien" półprzewodnika zgodnie z orientacją pola magnetycznego. 
W przypadku ruchu warstewek cieczy w kierunku nierównoległym do linii pola potrzebna 
jest dodatkow a energia w celu "złamania" powstałych włókien [1],
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Efekt zmiennych własności Teologicznych może być uzyskany dla wielu mieszanin 
różnych olejów i proszków, jednakże jedne z najlepszych własności otrzymuje się dla 
zawiesiny polim eru w oleju silikonowym [8-12].

Jednym  z celów prezentow anej pracy jest przedstawienie przejrzystej interpretacji 
kum ulowania i rozpraszania energii w układzie dynamicznym z wykorzystaniem 
płaszczyzny odkształcenie - prędkość odkształcenia, co posłużyło później do interpretacji 
uzyskanych eksperym entalnie charakterystyk.

Stanowisko badaw cze zostało zaprojektow ane w celu wyznaczenia fizycznych własności 
cieczy elektroreologicznej. Na podstawie literatury ustalono, że ciecz E R  to nie tylko 
rozpraszacz, lecz i akum lator energii, co ma ważne znaczenie w przypadku "drganiowych" 
zastosowań.

Z aprezentow ano wyniki porównawcze dla pola elekrycznego równego zero i 1.33 
kV/mm, ukazując zm ianę własności mechanicznych wraz ze wzrostem pola elekrycznego.


