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Razvoj sklopke s spremenljivim trenjem z uporabo delovnega
sredstva

Development of the Variable Friction Clutch Applying the Functional Medium

Yasuhiro Kakinuma' - Tojiro Aoyama' - Hidenobu Anzai?
('Keio University, Japan; *Fujikura Kasei Co., Ltd., Japan)

Razvit je bil nov funkcionalen material, poznan kot elektro-reoloski gel (ERG), ki spreminja povriinske
trenfe glede na prikljudeno elekiriéno polje. Pricakovano je bilo, da lahke ERG uporabimo kot strojni
element za prenos sile kakrina je sklopka, saj se lahko sila trenja na povriini ERG elektricne uravnava.
Enostransko vzordene elekirode, ki so na izolacijsko osnove urejene izmeniéno kot anode in katode, so v
nedavni Siudiji o elekiro-reolodki tekodini (ERT) prediagane, da poenostavijo sestavo elekiricne napeljave.
V ref Studifi so enostransko vzordene elekirode uporabljene na ERG. Numeriéno in eksperimentalne je
raziskan vpliv vzorca enostranske elekirode na uéinek ERG. Na podlagi rezultatov vrednotenja elekirodnega
vzorca, je razvit element sklopke ERG, ki uporablja enosiransko elektrodo z optimalnim vzorcem elekirode,
Znadilka ERG sklopke je eksperimentalno ovrednotena. Sklopka ERG kaZe odlicno delovanje za staticne in
dinamiéne znacilke pri prenosu vetilnega navora. Enota ERG prikazuje odlicno defovanje prenosa vriilnega
navora. Spremembe prenesenega vrtilnega navora so sirokega obmodja in enakomerne v odzivu na variacije
v priklfucenem elekiricénem polju.

@ 2007 Strojnidki vestnik. Vse pravice pridriane.
(Kljuéne besede: funkcionalni materiali, elektro-reolo$ke tekotine, viskoelasti¢ne lastnosti, torne sklopke)

A new functional material known as electro-rheological gel (ERG) that shows variable surface friction
according to an applied eleciric field has been developed. It was expected that ERG could be applied to a
machine element fo fransfer force such as a cluich, because the frictional force of an ERG surface can be
controlled electrically. The one-sided patterned electrodes, which arrange anode and cathode alternately
on the insulating base, are proposed in a recent study of eleciro-rheological fTuid (ERF) to simplify the
structure of the wiring. In this study, one-sided patterned elecirodes are applied to an ERG, and the influence
of the patiern of the one-sided electrode on the ERG effect is numerically and experimentally investigated.
Based on the results of the electrode pattern evaluation, an ERG cluich element, using the one-sided electrodes
with an aptimum electrode pattern, is developed and the performance of the ERG clutch is experimentally
evaluated. The ERG clutch shows excellent performance for static and dynamic characteristics in torgue
transfer, and an ERG clutch unit shows excellent performance for torgue transfer. The transferred torque
changes widely and smoothly in response to the variation of the applied eleciric field.

L 2007 Journal of Mechanical Engineering. All rights reserved.
(Keywords: functional materials, ER fuids, viscoelastic properties, friction clutch)

0 uUvoD

Elektro-reoloika tekodina (ERT) ([1] do [4])
je vrsta funkeionalne tekodine z viskoelastiénimi
lastnostmi, ki se spreminjajo z intenzivnostjo
prikljutenega elektriCnega polja. Ob prikljuditvi
visokega elektriénega polja (npr.: 1 kV/mm) delei,
potopljeni v osnovno olje, tekijo k oblikovanju
verig, imenovanih grozdi [1]. To ovira prosti pretok
osnovnega olja, kar poveroéi sirifne napelost in

0 INTRODUCTION

Electro-rheological fluid (ERF) ([1] to [4])
is one type of functional fluid with viscoelastic
properties that vary with the intensity of an applied
electric field. When a high electric field (e.g.,
1 kV/mm) is applied, the particles suspended in
the base oil tend to form chains called clusters [1].
This inhibits the free flow of the base oil, causing
the shear yield stress and the apparent viscosity 1o
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ofitno povedanje viskoznosti. Lastnosti ERT so
bile izkorii¢ene za nadzor delovanja strojnih
elementov. ERT so bile uporabljene v strojnih
elementih kot so spremenljivi blaZzilniki in
sklopke ([5] in [6]). Vseeno pa imajo ERT
pomanjkljivosti, namred usedanje delcev ER in
zahtevajo tesnilni mehanizem. Usedanje delcev
ER zmanjsuje utinke ER in se odziva v majhni
stabilnosti naprave ER. Z namenom obvladati
usedanje in tako izboljSati delovanje naprav ERT
smo s strjevanjem ERT razvili nov funkeionalni
material imenovan elektro-reolofki gel (ERG)
([7] do [11]). Razviti ERG ni tekodina, temved
trden material, podoben gumi. ERG, ki je
sestavljen iz delcev ER in silikonskega gela,
spreminja povriinsko trenje glede na prikljufeno
elektriéno polje. Ta znadilnost se imenuje ufinek
ERG.

Uéinek ER ERT izvira iz lastnosti, da delei
ER, potopljeni v osnovno olje, v navzoénosti
elektriénega polja oblikujejo verigo imenovano
grozd. Po drugi strani se mehanizem uéinka ERG
pojavi zaradi sprememb v stiénih razmerah na
meji med elektrodo in ERG kot odziv na
spremembo jakosti elektriénega polja [11]. ERG
Je sestavljen iz delcev ER in silikonskega gela,
kakor je prikazano na sliki 1. Mehanizem
spremembe v povriinskem trenju in adhezija sta
ponazorjena na sliki 2. Zafetno stanje sendvidev
ERG med parom elektrod je prikazano na sliki
2{a). StriZna sila med zgornjo elekirodo in ERG
je v odsotnosti elektriénega polja zelo majhna,
ker je zgornja elektroda podprta z drsefimi delei
ER, ki molijo iz povriine gela. ¥V primeru
mocnega elektritnega polja pa v nasprotju,
zgornja elekiroda ustvari stik z lepljivo povriino
gela, ker se plavajodi delei umaknejo v gel, kakor

Gel Delec ER

8L 1 Povriina ERG
Fig. 1. Surface of the ERG

ER delec
ER particle
() Brez slektriénega polja
{a) Without electric field

increase. The properties of ERFs have been
exploited to control the performance of machine
elements, and ERFs have been applied to machine
elements such as variable dampers and clutches ([5]
and [6]). However, ERFs have disadvantages,
namely, the sedimentation of the ER particles and
the requirement for a seal mechanism. The
sedimentation of ER, particles reduces the ER effects
and results in the poor stability of ER devices. In
order to suppress the sedimentation and thereby
improve the performance of ERF devices, we
developed a new functional material called electro-
rheological gel (ERG) ([7] to [11]) by gelling an
ERF. The developed ERG is not a fluid but a solid
material like rubber. The ERG, which is composed
of ER particles and silicone gel, varies its surface
friction according to an applied electric field. This
characteristic is called the ERG effect.

The ER effect of ERFs originates from the fact
that the ER particles suspended in the base oil form a
chain called a cluster in the presence of an electric
field. On the other hand, the mechanism for ERG effect
is due to the changes in the contact conditions at the
interface between the electrode and ERG, in response
to a change in the intensity of the electric field [11].
The ERG is composed of ER particles and silicone
gel, as shown in Fig. 1. The mechanism for the change
in the surface friction and adhesion is illustrated in
Fig. 2. The initial state of the ERG, sandwiched
between a pair of electrodes, is shown in Fig. 2(a).
The shear force between the upper electrode and the
ERG is very low in the absence of an electric field
because the upper electrode is supported by slippery
ER. particles protruding from the gel’s surface. In
contrast, the upper electrode makes contact with the
sticky gel surface in the presence of a high electric
field because the protruding particles retract into the

Lepljiva povréina
Sticky surface

{b) Z elektriénim poljem
(b} With electric feld
81, 2. Mehanizem udinka ERG

Fig. 2. Mechanism of ERG effect
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Pogonski disk
Driving disk
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Gnani disk
DOriven disk
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(a) Obojestranske elektrode

(a) Both-sided electrodes

Pogonski disk
Driving disk

Gnani disk
Driven disk

(b) Enostranske elekirode
(b) One-sided electrodes

Sl 3, Osnurek obojestranskih in enostranskil elekirod
Fig. 3. Concept af both-sided electrodes and one-sided electrodes

Kovinska plogéa
Metal plate

(a) Model kovinske plosée

(a) Metal plate model

|zolacijska ploséa
Insulating plate

(b} Modeal izolacijske plosie
(b} Insulating plate model

S1. 4. Dva tipa modelov
Fig. 4. Two rvpes of models

je prikazano na sliki 2(b). Tako se zaradi
adhezijskih sil gela, ki splava nad povriino ERG,
poveda striZna sila. Pri¢akuje se, da je ERG lahko
uporabljen v napravi za prenos sile, ker je lahko
sila trenja povriine ERG elektriéno nadzorovana

[11].

Pritujoéi prispevek predlaga razpored
enostranske elektrode z ERG z namenom
poenostaviti sestavo Zidnih povezav in omogoéa
uporabo teh funkcionalnih materialov in razliénih
polj. Slika 3 prikazuje osnutek elekiritnega polja z
uporabo razporeda obojestranskih in enostranskih
elektrod. V primeru obojestranskih elektrod
nastanejo vzporedne elektritne silnice, kakor
prikazuje slika 3{a). Po drugi strani v primeru
enosiranske elekirode nastanejo zapletene
elekiriéne silmce. Usinek ER ERT je bl potrjen z
uporabo enostranskih elektrod z ERT [12]. V
primeru ERG lahko uéinek ERG pridobimo z
elektritnim poljem, ki potuje prek ERG, kar je
prikazano na sliki 3(b). Sestava je lahko
poenostavljena z uporabo enostranske elektrode, ko
je ERG uporabljen v napravah z vrtilnim delom,
kakrina je sklopka. V tem prispevku je numeniéno
in eksperimentalno raziskan wpliv vzorca
enostranske elekirode na ulinek ERG. Na temelju
rezultatov vrednotenja vzorcev elektrode je bil
razvit element sklopke ERG z razporedom
enostranske elektrode. Delovanje sklopke ERG je
bilo ovrednoteno s preizkusi.

gel, as shown in Fig. 2{b). Therefore, the shear force
increases because of adhesive force of the gel
emerging at the ERG’s surface. It is expected that the
ERG could be used in a force-transfer device, because
the frictional force of the ERG’s surface can be
electrically controlled [11].

The present paper proposes that the one-sided
clectrode configuration is applied to the ERG in order
to simplify the wiring structure and enable the
application of this functional material in various
ficlds. Figure 3 shows the concept of an ¢lectric field
using both-sided and onc-sided electrode
configurations. As shown in Fig. 3(a), parallel lines
of electric force are generated for both-sided
electrodes. On the other hand, complicated eleciric
lines are generated for the one-sided electrode
configuration. The ER effect of the ERF has been
confirmed using one-sided electrodes with an ERF
[12]. In the case of the ERG, the ERG effect can be
obtained when the electric field passes through the
ERG, as shown in Fig. 3(b). When the ERG is used
in a device with a rotating part, such as a clutch, the
structure can be simplified by using the one-sided
electrode configuration. In this paper, the relation
between the pattern of the one-sided electrodes and
the ERG effect is investigated numerically and
experimentally. Based on the results of the electrode-
pattern evaluation, an ERG clutch element with a
one-sided electrode configuration was developed and
the performance was evaluated experimentally.

Razvey sklopke 5 spremenljivim renfem - Development of the Variable Friction Clutch 757
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| ZVEZA MED NASPROTNIM
MATERIALOM IN UCINKOM ERG

1.1 Model za numeriéno analizo

V predhodni Ztudiji je bilo potrjeno, da je
udinek ERG moéno odvisen od prikljutenega
elektriénega polja [11]. Elektriéno polje v razporedu
enostranske elektrode potuje prek ERG in je
zahtevnejie kakor v primeru razporeda
obojestranske elektrode. Poleg tega velja, da se
porazdelitev elektriénega polja v ERG izredno
spremeni v odvisnosti od lastnosti materiala plo&ée
nasproti enostranske elektrode (nasprotne ploife)
in vzorca enostranske elektrode.

Z namenom, da se raziiée vpliv lastnosti
materiala na porazdelitev elekiriénega polja, je bila
izvedena numeriéna analiza elekiriénega polja za
dva tipa modelov, prikazanih na shki 4; prvi je
maodel kovinske ploide, drugi pa model izolacijske
plaide. Pri modelu kovinske plodée je za nasprotno
plodéo uporabljen kovinski material, ki je elekinéno
neozemljen. V drugem primeru, tj. model
izolacijske ploice, je za nasproino plodéo uporabljen
izolacijski material. Za numeriéno analizo je
uporabljen ANSYS 9.0,

Model za analizo elektriénega polja je
podrobno ponazorjen na sliki 5. Uporabljen je
dvorazseZni model in opravljena je analiza z MKE.
Specifiéna induktivna kapacitivnost ERG in
izolacijske ploite iz bakelita so dolodene na 30,0

1 RELATION BETWEEN THE OPPOSITE
MATERIAL AND THE ERG EFFECT

1.1 Model for numerical analysis

In a past study it was confirmed that the ERG
effect relies strongly on the applied electric field
[11]. The electric field in a one-sided electrode
configuration passes through the ERG, and is more
complex than that in a both-sided electrode
configuration. In addition, it is considered to
remarkably change the electric field distribution in
ERG according to material properties of a plate
opposite to the one-sided electrodes (opposite plate)
and pattern of the one-sided electrodes.

In order to investigate the influence of the
material properties on the electnc field distnbution, a
numerical analysis of the elecinc field was performed
for two types of models shown in Fig 4; one s the
metal-plate model and the other is the insulating-plate
mixdel. In the metal-plate model, a metallic matenal is
used as the opposite plate, which is electrically floated
froam ground. On the other hand, in the insulating-plate
muxdeel, insulating material is used as the opposite plate.
ANSYS 9.0 was used for the numerical analyses.

The detail of the model for the electric field
analysis is illustrated in Fig. 5. A 2-dimensional
model was used and a FEM analysis was carried
out. The specific inductive capacity of the ERG and
the insulating plate of bakelite was set to 30.0 and
3.0 respectively, which was measured using an

Analiza stanja zgomje plodie:

T=03 Ew=1 mm; Eg=1mm
Stevilo elementov/Number of elements: 20580
{a) Kovina: konstanta povriina poteciala
Analysis condition of upper plaie: {a) Metal: surface potential constant
() Lzolator: zgomja plodta £= 3
(b) Insulator: upper plate £= 3

Dielektridna konstanta/Dielectric constant: £, = 30, £, . =3 ‘
I
|

SI. 5. Dejanski model za analizo elektricnega polja
Fig. 5. Actual model for the electric-field analysis
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mm oz. 30 mm, in so merjene z metodo elektrodne
kapacitivnosti. Debelina ERG je dolodena na 0,3
mm. Sirina elektrode in reza med njimi je 1,0 mm.
Istosmema napetost 900 V je prikljutena na anodo,
medtem ko je katoda ozemljena (0 V).

1.2 Vpliv lastnosti materiala nasprotne ploife na
porazdelitev elektritnega polja

Porazdelitev elektrinega polja v ERG za
enostranske elektrode je ponazorjena na sliki 6. Pri
modelu kovinske ploige, prikazanem na sliki 6{a),
elekiriéna silnica nastane pravokoino iz anode do
nasproine kovinske ploe in prav tako iz nasprotne
plodie do katode. Poirjeno je, da ima nasprotna
kovinska ploi¢a polovico medelekirodnega
potenciala, ko je ploiéa elektriéno neozemljena. vV
modelu 1zolacijske plodte, prikazanem na sliki 6(b),
elekiriéne silnice nastanejo iz anode do katode
ukrivljene oblike in gredo tudi skozi izolacijsko
nasproino ploiéo. Vseeno pa gre vedina elekiriénih
gilnie vodoravno na povriine ERG in ne more
vslopiti na nasprotno ploiéo pravokotno, ker je
specifiéna induktivna kapaciteta ERG znatno vedja
od nasproine plodée.

Povpretno elektriéno polje je dobljeno iz
rezuliatov numerine analize v pravokotni smeri za
oba primera modelov, kakor je povzeto v
preglednici 1. Domneva se, da je ulinek ERG, e
posebej komponenta, pravokotna na povrsino ERG
(komponenta y), odvisen od intenzivnosti
elektriCnega polja, ker je ta ulinek medploskovni
pojav med povriine ERG in nasprotno plosto.

electrode-capacitance method. The thickness of the
ERG was also set to 0.3 mm, The width and the
gap of the electrodes was fixed 1o 1.0 mm. A DC
900 volts was applied to the anode, while the
cathode was connected to ground (0 V).

1.2 The influence of the material property of the
opposite plate on the electric-field distribution

The distribution of the electric field in the ERG
for the one-sided electrode is illustrated in Fig.6. In
the metal-plate model shown in Fig. 6(a), the electric
line of force is gencrated perpendicularly from the
anode to the opposite metal plate, and also from the
opposite plate to the cathode. It was confirmed that
the opposite metal plate had half of the inter-
electrode’s potential when the plate was electrically
floated from ground. In the insulating-plate model,
shown in Fig. 6(b). the electric lines of force in the
arched shape were generated from the anode to the
cathode, and also go thorough the insulating opposite
plate. However, most of the electric lines of force go
horizontally on the surface of the ERG and cannot
enter the opposite plate perpendicularly because the
specific inductive capacity of the ERG is set much
higher than that of the opposite plate.

From the result of the numerical analysis, the
average electric field in the perpendicular direction is
obtained in both models, as summarized in Table 1.
The ERG effect is supposed to depend on the intensity
of the electric field, especially the component
perpendicular to the ERG's surface (the y component),
because this effect is an interfacial phenomenon

Emmmr viegklor

(a) Model kovinske plodée
{a) Metal plate model

farria m [ M'n
o=t : o= BT
o polen, ppum?mh Bl e s 3 zL%g-arlnmhmrplﬂ:

. | Povrdinski poten i@ .

Povrliinski poten.

Surfsce potental Surlacae pbental
ov Bakelit 1500 V
=B =T

-y [0 gt i .

(b) Model izolacijske plo&ée
(b) Insulating plate model

Sl. 6. Porazdelitev elekiriénega polja za oba modela
Fig. 6. Distribution of efectric field in each model
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Povpreéna intenzivnost elektriénega polja
komponente y na povriini ERG v kovinskem
modelu je bistveno vefja kakor v izolacijskem
maodelu.

1.3 Preizkusno ovrednotenje ufinka ERG

Z namenom ovrednotenja veljavnosti
rezultatov numeriéne analize je ufinek ERG za oba
modela preizkusno potrjen. Enostranske elekirode
s0 nargjene iz ploi¢ za tiskana vezja (TV - PCB).
TV se mnoZiéno uporabljajo v elektroniki in
radunalniiki industriji. Tanke bakrene &rte na
izolacijski plastiéni plo&&i omogofajo povezave
med elektronskimi komponentami v obtoku.
Enostranske elektrode s postopkom jedkanja
preprosto izdelamo z uporabo TV. Enostranske
elektrode so oblikovane tako, da je razmik med
elektrodami 1 mm. Vsaka elektroda je 1 mm Siroka
s povriino clektrode 70=30 mm, kar je prikazano
na sliki 7(a). 0.3 mm debela plo&fa ERG je pritrjena
na enostransko elektrodo, kakor je prikazano na
sliki 7(b). Osnovno delovanje ERG na enostranski
elektrodi je ovrednoteno s preprostim preizkusom,
shematiéno prikazanim na sliki 8. Plof¢a ERG na
enostranski elektrodi je pritrjena na osnovno plodéo
in nasproina ploféa je postavljena na ERG plo&lo.
Masprotna plo3&a je aluminijasta oz. bakelitna
ploiéa. Strizno gibanje nasprotne ploile je
ustvarjeno z mikrometrskim vijakom z motornim
pogonom. StriZna sila je merjena z uporabo
obremenilne celice z merilnikom napetosti, ki je
pripeta na drsno ploifo. Premik nasprotne ploile
je merjen z vrtilnim tokovnim zaznavalom pomika.
Obna%anje strizne sile je ovrednoteno s
spreminjanjem jakosti elektri¢nega polja od 0 do
1,5 kV/mm. Strina dolZina je nastavljena na 600
wm, medtem ko je strizna hitrost naravnana na
30 pmys,

Povezava med nastalo strizno napetostjo in
spremenljivo jakostjo elektriénega polja je
prikazana na sliki 9, kjer je striZna napetost

between the ERG's surface and the opposite plate.
The average electric field intensity of the y component
at the surface of the ERG in the metal model is
considerably higher than in the insulating model.

1.3 Experimental evaluation of the ERG effect

In order to evaluate the result of the
numerical analysis for its validity, the ERG effect
in both models was evaluated experimentally. One-
sided electrodes were made from printed circuit
boards (PCBs). PCBs are widely used in the
electronics and computer industries. Thin copper
lines on an insulating plastic board enable the
connection between electronic components on the
circuit board. One-sided electrodes using PCB
plates can be fabricated casily by the process of
etching. The one-sided electrode is designed to have
a l-mm gap between the electrodes. Each electrode
is |-mm-wide and the electrode area is 70%50 mm,
as shown in Fig. 7(a). A 0.3-mm-thick ERG sheet
was molded on the one-sided electrodes as shown
in Fig. 7(b). The basic performance of the ERG on
a one-sided electrode was evaluated by the simple
test schematized in Fig. 8. The ERG sheet on the
one-sided electrodes was fixed on the baseplate and
the opposite plate was placed on the ERG's sheet,
An aluminum plate and a bakelite plate were
prepared as the opposite plates, A shear motion was
applied to the opposite plate using a micrometer
screw with a motor drive. The shear force was
measured using a strain-gauge load cell attached to
the slider plate. The displacement of the opposite
plate was measured using the eddy-current
displacement sensor. The behavior of the shear force
was evaluated by varying the electric-field intensity
from 0 to 1.5 kV/mm. The shear length was set to
600 pm, while the shear speed was adjusted 1o
30 pums,

The relationship between the generated
shear stress and the variable electric-field intensity
is summarized in Fig. 9, where the shear stress is

Preglednica 1. Povpredne elektricno polie komponente v fnumeriéna]
Table 1. The average electric field of the y component [numericalf

model kovinske plofée
metal plate model

maoddel izolacijske plodfe
insulating plate model

povpredna jakost elektriénega

polja komponente y [V/imm)

average electric field intensity
| of y component [V/imm]

1000 70
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{a) Enostransko vzorfena elekiroda iz TV

Istosmemo napajanje

DC Power Supply Ojatevalnik

{B) ERG na enostranski elektrodi
{a) One~sided pattern electrodes made by PCE  (b) ERG an one-sided alectrode
S1. 7. ERG na enostransko sestavijeni elektrodi

Fig. 7. ERG on one-sided structured elecirodes

Dinamiéni mmmk

ERG sheet

TV enostranska elekiroda
PCB one-sided elecirode

Mator

Sl 8. Shema preizkusa za striZni test
Fig. 8. Schematic diagram of the experimental setup for the shear test

"
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(a) Kovinski model z Al plodto
(a) Metal model using Aluminium plate

Stri2na napatosl/Shaar stress (kFa)
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(b} Izolacijski model z bakelitno plodio

(b) Insulating model using Bakelite plate

SL. 9. Povezava med strizno napetostjo in elekiricnim poljem [s preizkusom]
Fig. 9. Relation between the shear stress and electric field [experimental]

izratunana s koliénikom med izmerjeno striZno silo
in povr$ing ERG. Razumljivo je, da je utinek ERG
ustvarjen v enostranskih elektrodah. Ob premiku
nasprome plote za vrednost okrog 15 pm ploica
ERG popusti. Visje dopustne napetosti so dobljene
pod vedjimi jakostmi elektri¢nega polja. Ustvarjena

Razvaf ;.i',fap,h-; ;Pm‘wblﬂlim tremfem - D{Mw; qfﬂf Variable Friction Cluich

caleulated by dividing the measured shear force by
the surface area of the ERG. Clearly, the ERG effect
is gencrated in one-sided electrodes. When the
displacement of the opposite plate exceeds a certain
value of about 15um, the ERG sheet yielded. Higher
vield stresses were obtained with higher electric-
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dopustna napetost je skoraj sorazmerna
prikljué¢enemu elektriénemu polju. Ko je
prikljuéeno elekiriéne polje vidje od 2 kKV/mm
nastang dielektriéni zlom. Do dopusine toéke se
stri¥na napetost spreminja linearno s pomikom.
MNad to tofko se striZna napetost le malo povela.
To zaradi zdrsa med povrino nasprotne ploile in
ploito ERG. Ob primerjavi kovinskega modela z
izolacijskim, je pri kovinskem modelu nastala
strizna napetost bistveno vedja, kakor v primeru
izolacijskega modela pri enaki velikosti prikljulene
napetosti. Zaradi tega je odlofeno, da je model s
kovinsko ploi¢o uporaben za element sklopke ERG,

—_

Electric vector V/mm
~B8B8E88EEE

—

y kompanenta el. vektorja (V/mm)
y component of

v] 0.5 1

_Rela med elekirodama: 0.2mm
Gap between elactrodes: 0.2mm

field intensities. The generated yield stress is almost
in proportion to the applied electric field. However,
when the higher electric ficld above 2kV/mm was
applied, the dielectric breakdown occurred. Up to
the yield point, the shear stress varies linearly with
displacement. Above the yield point, the shear stress
increases only gradually. This is due to the ship
between the surface of the opposite plate and the
ERG sheet. Compared with the metal model and
insulating model, the generated shear stress in the
metal-plate model is much higher than in the
insulating model under the same applied voltage.
Consequently, it is clear that the metal-plate model

] = (. 2

~m—1).5mm
- 1|m
e |, IR
—u— 2 O

2 25 3

Pomik/Displacement (mm)

batwesn electrodes: 800V

Prikljuéna napetost med elektrodamalApplied voltage ‘

ERG debalinaERG thicknass: 0,3 mm

Hasprotna plodia: kovinska/Opposite plate: metal

SI. 10. Porazdelitev y komponente elektricnega vektorja v primeru razlicnih rez med elektrodami [numericno]
Fig. 10. Distribution of y component of electric vector in case of various electrode gap [numerical]
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SI. 11. Razmerje med elekiricnim poljem in dopusmo napetostjo kot funkcija reze elektrod
Fig. 11. Relation between electric field and yield stress as function of electrode gap
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saj ob prikljuditvi elektriénega polja lahko
priakujemo 3Jirie spremembe prenesenega
vrtilnega navora,

Mumeriéni in preizkusni rezultati kazejo, da
je nastala strizna napetost zaradi utinka ERG
odvisna od povpreéne jakosti elektritnega polja v
smeri komponente y na povrdino ERG.

2 OBLIKA REZE ELEKTRODE
2.1 Postopek

Povezava med vzorcem cnostranske
elektrode in nastalim elektriénim poljem na povrgini
ERG je raziskana z namenom doloditi potrebno
oblike za uéinkovit vpliv ERG. Numeriéna analiza
je bila izvedena tudi v pnimeru raziskovanja vpliva
reze elektrode na porazdelitev elekinénega polja v
ERG. Numenén model je pokazal enako kakor na
sliki 5. Sirina elektrode je nespremenjena, 1,0 mm,
medtem ko se Sirina reZe spreminja med 0,2 mm in
2,0 mm. Prikljufen medelektrodni potencial med
ancdo in katodo je 900 V.

Trije tipi enostranskih elektrod, katerih reZe
med elektrodami so 0,5, 1,0, 2,00 mm, so bili
izdelani. Nastali uéinki ERG v vsaki enostranski
elekirodi so ovrednoteni s preizkusi pri enaki
prikljudeni napetosti.

2.2 Povezava med reZo elektrode in uéinkom
ERG

Intenzivnost elektri¢nega polja komponente
y z razli¢nimi rezami med elektrodami je bila
ovrednotena. Slika 10 prikazuje obnadanje
intenzivnost clektriénega polja na povrdini ERG
med dvema elekirodama, Intenzivnost elektriénega
polja nekaj nad srediséem elektrode (poloZaj = 0,
3,0) postane velika, ker se intenzivnost elektriénega
polja v sredinski toki med dvema elektrodama
zmanjia skoraj na 0 V/imm. Dobljeno rmzmerje med
povpreéno vrednostjo elektriénega polja in reZo
elektrode je predstavijeno na sliki 11, £ manjianjem
reze elektrode se jakost elektriénega polja na
povriini ERG poveta. Strizni test s preizkusno
postavitvijo, prikazano na sliki 8, je bil uporabljen
tudi za raziskovanje razmerja med dopustno
napetostjo in rezo elekirode, Aluminijasta ploita
je uporabljena za nasprotno plo&fo. Preostale
preizkusne razmere so enake, kakor so opisane v
odstavku 1.3, Potrjeno je, da dopustna strizna

is useful for the ERG clutch element since a wider
change of transferred torque with the applied
electric field can be expected.

These numerical and experimental results
indicate that the generated shear stress due to the ERG
effect depends on the average electric field intensity
of the ¥ component at the surface of the ERG.

2 DESIGN OF THE ELECTRODE GAP
2.1 Procedure

The relation between the pattem of one-sided
electrodes and the gencrated electric field at the ERG's
surface is investigated in order to determine the design
necessary 10 obtain an efficient ERG effect. To
investigate the influence of the electrode gap on the
distribution of the electric field in the ERG a numerical
analysis was also camed out. The numenical model 15
the same as the one shown in Fig.5, The width of the
electrodes was fixed at 1.0mm, while the gap was varied
from 0.2 mm to 2,0 mm, The applied inter-electrode
potential between the anode and cathode was 900 V.

Three types of one-sided electrodes, with
electrode gaps of 0.5, 1.0, 2.0mm, were prepared
and the generated ERG effects in each one-sided
electrode under the same applied voltage were
evaluated experimentally.

2.2 Relation between the electrode gap and the
ERG effect

The electric field intensity of the y
component was evaluated for various electrode
gaps. Figure 10 shows the behavior of the electric-
field intensity on the ERG's surface between the
two electrodes. The electric-field intensity just
above the center of the electrodes (position=0, 3.0)
becomes high while the electric field intensity at
the middle point between the two electrode
decreases to almost 0 V/imm. The relationship
obtained between the average value of the electric
field and electrode gap is presented in Fig. 11. As
the electrode gap decreases, the clectric-ficld
intensity at the ERG's surface increases. To
investigate the relation between the yield stress and
the electrode gap, the shear test was also carried
out using the experimental setup shown in Fig.8.
An aluminum plate was used as the opposite plate.
Other experimental conditions were the same as
described in Section 2.3, It was confirmed that the
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napetost kaZe enako teinjo kakor jakost
elekiriénega polja. Ponovljivost numeriéne analize
v tem prispevku je velika.

3 RAZVO] ENOTE SKLOFPKE ERG
3.1 Sestava sklopke ERG

Elektroda za predlagano sklopko ERG je
razvita na temelju rezultatov numeriéne analize
elektriénega polja. Sestava enostranske elektrode
za sklopko ERG je prikazana na sliki 12 in ima
elektrodno rezo 0,2 mm in elektrodo $irine 1,0 mm.
Premer enostranskih elekirod je 30 mm. Slika 13
prikazuje sestavo naprave s sklopko ERG. Sklopka
ERG je sestavljena iz dveh osi z diskoma na eni
strani. ERG na enostranski clektrodi je povezan z
diskom na podrejeni osi. Vneseni vrtilni navor je
iz glavne strani prencsen na podrejeno stran prek
ERG. DolZina obeh osi je 50 mm s premerom 12
mm, premer obeh diskov pa je 40 mm. Razmere v
stiku med povriino ERG in glavnim diskom so
pomembne, ée Zelimo dobiti uéinkovit vpliv ER.
Zaradi tega je na glavmi disk vstavljena malo
elastiéna guma, tako da ima glavm disk
enakomeren stik z ERG, postavljenim na podrejeni
strani. Ko se glavna os vrti z indukeijskim
motorjem, je lahko vriilni navor, ki je prenesen iz
glavne strani na podrejeno, spremenjen v
odvisnosti od prikljuéenega elektriénega polja na
ERG.

3.2 Preizkusna postavitev in postopek
Statiéna znadilka sklopke ERG je

vrednotena tako, da je preneseni vrtilni navor
merjen ob prikljuditvi stalne napetosti, Shema

yield shear stress shows the same tendency as the
intensity of the electric field. The repeatability of
the numerical analysis in this paper is high.

3 DEVELOPMENT OF THE ERG CLUTCH UNIT
3.1 Structure of the ERG clutch

The electrode for the proposed ERG clutch was
designed using the results from the numerical analysis
of the electric field. The one-sided electrode
configuration for the ERG clutch is shown in Fig. 12,
and has a 0.2-mm electrode gap and an electrode width
of 1.0 mm. The diameter of the one-sided electrodes
is 30 mm. Figure 13 illustrates the structure of the
ERG clutch device, The ERG clutch 13 composed of
two shafts with the disks on one side. The ERG on the
one-sided electrode is set up with the disk of the slave
shaft. The input torque is transferred from the master
side to the slave side through the ERG. The length
and the diameter of the master and slave shafts are 50
mm and 12 mm, respectively, and the diameter of each
disk is 40 mm. To obtain an efficient ER. effect, the
condition of the contact between the ERG's surface
and the master disk is important. Thus, a low elastic
rubber is inserted at the master disk, so that the master
disk has uniform contact with the ERG, placed on the
slave side. When the shaft of the master side is rotated
by the induction motor, the transferred torque from
the master side 1o the slave side can be changed in
response to the applied electric field to the ERG.

3.2 Experimental setup and procedure
To evaluate the static performance of the

ERG clutch, the transferred torque was measured
under an applied constant voltage. A schematic of

S1. 12, Enostranske elektrode s Sirino 1mm in refo 0.2 mm
Fig. 12. One-sided electrodes with Imm width and 0.2 mm gap
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Masprotni kovinski disk T sk
Opposite metal disk b ’

( Master disk) ===, r--—-ERG
Malo elastiéna guma -
Lows elastic rubber .-

Enostranske slekirods
One-gided electrodes

{b) lzgled
(b) Appearance

Sl 13. Sestava sklopke ERG
Fig. 13. Structure of the ERG clutch unit

preizkusne postavitve je podana na sliki 14.
Glavna os je prek spoja povezana z osjo motorja.
Vzvod za merjenje vrtilnega navora je pritrjen na
podrejeno os in namesden na obremenilno celico.
Ko se glavna os vrti s stalno hitrostjo, je na ERG
prikljuéeno elektriéno polje, preneseni vrtilni
navor pa je zaznan z obodno silo na koncu vavoda,
Preneseni vrtilni navor lahko izrafunamo iz
zmnaZka zaznane sile in dolZine vzvoda (46,5
mim).

Dinamiéna znailka naprave za prenos
vrtilnega navora s sklopko ERG je prav tako
ovrednotena z merjenjem inducirancga prencsencga
vrtilnega navora ob prikljuitvi spremenljive
napetosti, npr. sinusni ali pravokotni signal vhodne
napetosti. Mamesto visokonapetosinega vira
uporabljenega pri statiénem testu, je bil v tem
primeru uporabljen funkcijski generator v
kombinaciji z visokonapetostnim moénostnim

Visoko napetostni
napajalnik

High voltage
power supply

the experimental setup used is shown in Fig. 14,
The master shaft is connected to a motor shaft
through a coupling. The lever used for measuring
the torque is attached to the slave shaft, and is set
on a load cell. When the master shaft is rotated at
constant speed and an electric field is applied to
the ERG, the transferred torque is sensed as the
tangential force at the top of the lever. The
transferred torque can be calculated by multiplying
the sensed force by the length of the lever (46.5
mm}.

The dynamic performance of the torque-
transfer device with the ERG clutch is also
evaluated by measuring the induced transferred
torque under an applied variable voltage, e.g., a
sinus or square wave of the input voltage. Instead
of the high-voltage power supply used in the static
test, a function generator was used in combination
with a high-voltage power amplifier. The

AJD pretvornik
AD
converter

Indikator

Mator

obremenitve
Strain

ERG sklopka/ERG clutch

indicator

51 14. Eksperimentalna postavitev za merfenfe vriilnega momenta
Fig. 14. Experimental setup for measuring rorque
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ojadevalnikom. Preneseni vrtilni navor je merjen z
merilnimi listiéi obremenilne celice.

3.3 Statitna znadilka sklopke ERG

Slika 15 prikazuje rezultate statiénega testa,
kojena enostransko elektrodo prikljutena napetost,
ki se zvituje v korakih po 300 V od 0 do 900 V.
Zelo jasna razlika je opaZena med vsakim
povifanjem napetosti. Vidje ko je prikljudena
elekiriéno polje, vedji je dobljeni vrtilni navor,

Preizkusni podatki so primerjani s teoretiéno
oceno. Preneseni vrtilni navor s sklopko ERG je
dolofen kot:

R

transferred torque is measured by a strain-gauge
load cell,

3.3 Static performance of the ERG clutch

Figure 15 shows the static test results when
the applied voltage to a one-sided electrode is raised
in increments of 300 V from 0 to 900 V. A very
clear distinction 15 observed between each voltage
gtep. The higher the applied electric field, the higher
the torque oblained.

The experimental data is compared with the
theoretical estimate. The transferred torque using
an ERG clutch is defined as:

T=IT_vx2ﬂrxr:lr (1.

i
kjer je T dopustna napetost ERG in R polmer diska;
T, = 6 kPa pri jakosti elektri¢nega polja 1.5
kV/mm pri strizni stopnji 30 pm/s ob uporabi
obojestranskih elektrod s polmerom R = 15 mm. V
predhodni Studiji je bilo razjasnjeno, da je napetost
tefenja zaradi uéinka ERG ustvarjena sorazmema
s prikljuenim elektriénim poljem [11]. Povpreéno
elektri®no polje na povriini ERG znada 1,25 kV/
mm pri prikljudeni napetosti 900 V na enostranske
elektrode z re2o 0,2 mm, kakor je prikazano na sliki
11. Tako je izratunana 7 enaka 4,8 kPa teoreti¢ni
vrtilni navor T, izra¢unan z enatbo (1), pa priblizno
0,032 Nm. Ta je manji od preizkusno merjenega
vrtilnega navora. Steje se, da vrtilna hitrost
glavnega diska vpliva na preneseni vrtilni navor.
Slika 16 prikazuje zvezo med prenesenim vrtilnim
navorom in vrtilno frekvenco glavnega diska ob
prikljuéitvi napetosti 900 V. Visja vrtilna frekvenca
se kaze v vijih prenosih vrtilnega momenta.
Spremenljivka 7 v enacbi (1) je odvisna od jakosti
elektriénega polja na povrdini ERG in drsne
hitrosti (vrtilna hitrost diska sklopke). Vrednost
T (= 6 kPa pri 1.5 kV/mm) vstavljena v enacbo
(1) je bila veljavna pri zelo majhnih drsnih
hitrostih (30 mm/s). Tako je pri zelo majhnih
hitrostih (skoraj 0 min') na sliki 16 dobljeni
teoretiéni vrtilni moment blizu usklajenosti z
IZmerjenim.

3.4 Dinamiéna znaéilka sklopke ERG

Vrednoten je tudi dinamiéni odziv
prenesenega vrtilnega navora na prikljuéeno
napetost. Slika 17 prikazuje rezultate postopnega

where T and & are the ERG yield stress and the
disk radius, respectively; 7 = 6 kPa at a 1.5kV/
mm electric-field intensity under a 30um/s shear
rate when using the both-sided electrodes and R =
15 mm. In a past study, it was made clear that the
vield stress due to ERG effect is generated in
proportion to an applied eleciric field [11]. The
average electric ficld at the surface of the ERG 15
obtained at 1.25kV/mm at an applied voltage of
00V to the one-sided electrodes with a 0.2-mm
gap, as shown in Fig. 11. Therefore, T is calculated
as 4.8kPa and the theoretical torque T is also
calculated using Equation (1) to be roughly 0.032
Nm. This is lower than the experimentally measured
torque. Tt is thought that the rotational speed of the
master disk influences the transferred torque. Figure
16 shows the relation between the transferred torque
and the rotating speed of the master disk under an
applied voliage of 900V, A higher rotating speed
results in higher torque transfers. The vanable T_in
Eq. (1) depends on the electric-field intensity at the
ERG"s surface and sliding speed (the rotational
speed of the clutch disc). The value of 7 (= 6 kPa
at 1.5 k'V/mm) substituted into Eq. (1) was, however,
valid at a very low sliding speed (30 umvs). Therefore,
at a very low speed (almost 0 min'') in Fig.16, close
agreement is obtained between the theoretical
torque and the measured one,

3.4 Dynamic performance of the ERG clutch
An evaluation is made for the dynamic

response of the transferred torque to the applied
voltage. Figure 17 shows the results of the step-
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51 15. Zveza med prenesenim vrtiinim mavorom
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Fig. 15. Relation berween transferred torque and
electric field intensity [experimental]

adzivnega testa, Cas dviga in padea napetosti sta
lahko izradunana z uporabo asovne stalnice. Slika
17(a) prikazuje zvezo med odzivom prenescnega
vrtilnega navora in dvigom napetosti, iz katere
lahko izratunamo odziv sistema. Celotni odmik
Casa pri dvigu napetosti znasa 20 ms. Slika 17(b)
prikazuje izpis za padec napetosti. Celotni odmik
¢asa pri padcu vrtilnega navora je 16 ms. Odziv
u¢inka ER v ERG na prikljuleno elekiriéno polje
je skoraj enak kakor v primeru ERT,

Poverava med jakostjo elekiriénega polja in
prenesenim vrtilnim navorom pri prikljuceni
sinusoidni napetosti (V__ = 900 V) in vrtilni
frekvenci gnanega motorja 30 min™ je raziskana 2
namenom dolotitve frekvenénih znaéilnosti
prenesencga vriilnega navora. Slika 18 prikazuje
rezultate testa frekvenénega odziva pri frekvencah
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Fig. 16. Relation between transferred torgue and
rotating speedfexperimentalf

response test. The voltage build-up time and the release
time can be calculated using a time constant, Figure
17(a) shows the relationship between the response of
the transferred torque and the voltage build-up, from
which the system response could be calculated. The
total delay in the build-up time is calculated as 20 ms.
Figure 17(b) shows a plot of the voltage release. The
total delay for the released torque is 16 ms. The
response of the ER effect in the ERG to an applied
electric field is almost the same as that of an ERF.
To characterize the frequency characteristics
of the transferred torque, the relationship between
the electric-field intensity and the transferred torque
15 investigated under an applied sinusoidal voliage
(V__ =900 V) at a driven motor rotation speed of
30 min?. Figure 18 shows the results of the
component of electric vector in case of the
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5L 17. Rezuidtar postopnega odzivnega testa s preizkusif
Fig. 17. Result of step response test fexperimental]
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Fig. 18, Result of frequency response test fexperimenial]

napetosti 0,1; 1,0; 10 in 100 Hz. Razvidno je, da se
preneseni vriilni navor enakomerno spreminja s
sinusoidno napetostjo do frekvence napetosti 10 Hz.
Pri 100 Hz se preneseni vrtilni navor le malo
spreminja. Slika 19 prikazuje razmerje amplitud
prikljutenega elektri¢nega polja in prencsenega
vriilnega navora. Amplitudno razmerje pri 0,1 Hz
Jjedoloteno kot 1, tj., 0 dB. Slika 20 prikazuje fazno
razliko med prikljuenim elektri¢nim poljem in
prenesenim vrtilnim navorom. Rezultati nakazujejo,
da je odrezna frekvenca za sistem prenos vrtilnega
navora 18 He,

4 SKLEP

Prispevek predlaga, da se elektro-reoloski
gel (ERG), ki spreminja svojo povriinsko lasinost
v skladu s prikljuéenim elektri¢nim poljem, lahko
uporabi kot torna sklopka. Z namenom dosedi
uéinkovit vpliv ER v sestavu enostranske elektrode
je numeriéno in preizkusno raziskan vpliv vzorca

T68

frequency-response test at voltage frequencies of
0.1, 1.0, 10 and 100 Hz. Clearly, the transferred
torque varies smoothly with the sinusoidal voltage
until a voltage frequency of 10 Hz. However, at
100 Hz, the transferred torque hardly changes.
Figure 19 shows the ratio of the amplitude of the
applied electric field to that of the transferred
torque. The amplitude ratio at 0.1 Hz is defined as
1, i.e., 0 dB. Figure 20 shows the phase difference
between the applied electric field and the transferred
torque. The results indicate that the cut-off
frequency for the torque-transfer system is 18 Hz.

4 CONCLUSION

This paper proposes that electro-theological gel
{ERG), which changes its surface property according to
an applied electric field, can be utilized for a friction
clutch. In order to obtain an efficient ER effiect in a one-
sided electrode configuration, the relation between the
electrode pattern and the ER effect is evaluated both
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elektrode na uéinek ERG. Na podlagi rezultatov
vrednotenja vzorcev elektrode je razvita oblika
enostranskih clektrod za sklopko ERG. lzdelan je
prototip sklopke ERG. Razvita sklopka ERG kale
odliéne lastnosti za prenos vrtilnega navora.
Preneseni vrtilni navor se ob priklopu razliénih
napetosti na diroko in enakomemo spreminja. Odziv
prenesenega vrtilnega navora na prikljuteno
clektri¢no polje je dovolj hitro za praktiéno
uporabo, fasovna stalnica je priblizno 20 ms.

Ceprav sklopka ERG ni primema za ostre
in tezke razmere, kakor je avtomobilska torna
sklopka, ker je ERG mehkejsi od materialov
sploino uporabljenih za lamele sklopk. Tako
menimo, da je lahko sklopka ERG uporabljena za
natanéne stroje in v primeru majhnih vrtilnih
frekvenc.
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numerically and experimentally, On the basis of the result
of the electrode-pattem evaluation, the shape of the one-
sided electrodes for an ERG clutch is designed and the
profotyping of the ERG clutch unit is carried out. The
developed ERG clutch unit shows excellent performance
fior tonque transfer. The transfierred torque changes widely
and smoothly under the application of various voltages.
The response of the transferred torque to an applied
electric field is fast enough for a practical application,
and the time constant is approximately 20 ms.

Though the ERG clutch is not suitable for
severe and hard conditions, such as the friction
clutch of a vehicle, because the ERG is softer than
the materials used for general clutch plates.
Therefore, we consider that the ERG clutch can be
used for a precision machine and under the
conditions of a low rotational speed.
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