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Ahtracl-  Force-feedhack mechanisms have heen designed to 
simplify and enhance the human-vehicle interface. The increase 
in secondary controls within vehicle cockpits has created a desire 
for a simpler, more effcient human-vehicle interface. By consoll- 
dating various controls into a single, haptic feedback control 
device, information can be transmitted to the operator, without 
requiring the driver's visual attention. In this paper, the erperi- 
mental closed loop torque control of Electro-Rheological Fluids 
(ERF) based actuators for haptic application is performed. ERFs 
are liquids that respond mechanically to electric fields by chang- 
ing thelr properties, such as viscosity and shear stress, electroac- 
tively. Using the electrically controlled rheological properties of 
ERFs, we developed actuators for haptic devices that can resist 
human operator forces in a controUed and tunable fashlon. In 
this study, tbe ERF actuator analytical model is derived and 
experimentally verified and accurate closed loop torque control is 
experimentally achieved uslng a non-linear proportional integral 
controller with a feed-forward loop. 

Index Terms- Torque Control: Electro-meological Fluids; Ad- 
vanced Adualors; Haptic Syslems 

I. INTRODUCTION 

In recent years, the proliferation of secondary controls 
within vehicles has created a desire to develop mechanism to 
simplify and enhance the human-vehicle interface. A better 
interface technology is sought to facilitate driver access to a 
growing array of vehicle secondary functions, such as ad- 
vanced audio features, climate controls, telecommunications 

. and navigation. Electro-Rheological Fluids (ERF) based force- 
feedback mechanisms have been developed to address these 
issues. ERFs are liquids that respond mechanically to electri- 
cal stimulation by changing their viscosity electroactively. 
Using the electrically controlled rheological properties of 
ERFs, haptic devices have been developed that can resist hu- 
man operator forces in a controlled and tunable fashion. 

Instrument controls have haptic properties to maximize 
the ease of use for vehicle occupants. A single force-feedback 
knob can emulate the feel of conventional control knobs (de- 
tents, l i t  stops, friction) and can produce new effects as well 
such as vibration, scrolling, and free-spin, all instantaneously 
reconfigurable under computer control. Such a baptic knob 
can simulate the functions of all instrument controls that it 
replaces and thus reduced to one device, the control of the 
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dashboard provides the driver with instant access to all func- 
tions, quickly and ergonomically. 

Several rotary force-feedhack control knobs have been 
proposed for use in vehicular control that use a motor and a 
microprocessor controller to achieve the desired effect [l-41. 
However, the magnitude of the torque available from these 
devices is limited by the sue  of the motor and its power con- 
sumption, both of which must be limited for practical use in a 
vehicle. To address some of these issues, a haptic knob has 
been developed that incorporates a brake to provide high 
torque capability in a small volume with low power consump- 
tion IS]. A Magneto-Rheological fluid (MRF)-based brake 
actuator [6] improves the performance characteristics, how- 
ever a large magnetic circuit is needed to generate a sufficient 
actuating magnetic field. By using Electro-Rheological Fluids 
it is possible to overcome the remaining limitations to further 
enhance the development of haptic interfaces for vehicular 
control. Specifically, it is possible to decrease the size, weight 
and power consumption while increasing torque / force capa- 
bility and device degrees-of-freedom. Of special importance is 
the loner characteristic that will increase the "dexterity" of the 
force-feedback device by being able to program a larger num- 
ber of functions. 

Electro-Rheological Fluid (ERF) exhibit a rapid, reversi- 
ble and tunable transition from a fluid state to a solid-like state 
upon the application of an external electric field [7]. Some of 
the advantages of ERFs are their high yield stress, low current 
density, and fast response (less than 1 millisecond). ERFs can 
apply very high electrically controlled resistive forces while 
their size (weight and geometric parameters) can be very 
small. ERFs can be combined with other actuator types such 
as electromagnetic, pneumatic or electrochemical actuators so 
that novel, hybrid actuators are produced with high power 
density and low energy requirements [SI. 

Kenaley and Cutkosky proposed the use of ERFs for tac- 
tile sensing in robotic fingers [9]. Based on that work, several 
workers proposed the use of ERFs in tactile arrays used to 
interact with virtual environments [lo] and also as assistive 
devices for the blind to read the Braille system as proposed by 
Monkman [ 111. Continuing this work, Professor Taylor and 
his group at the University of Hull, UK, developed and tested 
experimentally a 5x5 ERF tactile array [12]. Professor 
Furusho and his group at Osaka University in Japan, proposed 
an ERF-based planar force-feedback manipulator system that 
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interacts with a virtual environment [13]. This system is 
actuated by low-inertia motors equipped with an ER clutch. 
An ERF-based force-feedback joystick has been developed in 
Fraunbofer-Institut in Germany. The joystick consists of a ball 
and socket joint where ERF has been placed in the space be- 
tween the ball and the socket. The operator feels a resistive 
force to hisher motion resulting in fiom the controlled viscos- 
ityoftheERF[14]. 

While a lot of work has been performed on the design, 
modeling and testing of ERF based actuators and devices; very 
little work has been performed on the closed loop control of 
these devices. All of the existing work in this area concerns 
the position control [I 51 while no work has been performed on 
the force I torque control of these devices. ERF devices are 
generally used with position control as dampers to avoid vi- 
bration [16], as example in vehicle suspension [I71 or for anti- 
seismic building [HI. Position control has also been used in 
ERF based valves [19]. 

Our group has developed and studied several ERF based 
actuators and haptic systems [20, 211. Recently we developed 
prototypes of rotary ERF based actuating elements for haptic 
knobs for vehicular instrument controls [22]. In the present 
study, the ERF actuator analytical model is derived and ex- 
perimentally verified and accurate closed loop torque control 
is experimentally achieved using a non-linear proportional 
integral controller with a feed-forward loop. In addition, we 
demonstrate the ability of such an apparahw to exhibit realistic 
haptic illusions, such as a programmable range of the knob, or 
position programmable “clicks“. 

11. FUNDAMENTALS OF ERF MODELLJNG 

ERFs are suspensions of polarizable particles in viscous 
non-conducting oil with particle-fluid dieleceic mismatch 
[23]. Since the discovery of the electrorheological phenome- 
non, a lot of research has been performed to develop a behav- 
iour model of ERF. The well known one i s  the Bingham 
model. 

Under zero field conditions ERFs are generally character- 
ized by a simple Newtonian viscosity [24]. When subjected to 
high electric fields, ERFs develop a yield stress and their shear 
stress 7 is fairly well modelled as a Bingham plastic: 

where p is the plastic viscosity, y is the shear rate and TYb is 
the Bingbam or dynamic yield stress. 

One can conclude by extrapolation to zero shear rate that 
the stress must exceed this dynamic yield stress in order for 
the material to flow, similarly to a dry coulomb friction model. 
In fact, the minimum stress required to cause the ERF to flow 
is not necessarily the dynamic yield stress but rather the static 
yield stress Ty,l > Typ . Using the friction analogy, this can be 
understood as the well-known Stribeck effect. More precisely, 
there are three yield stresses characterizing the behaviour of an 
ERF [25]. The first is the elastic-limit yield stress Te , which is 
used, in solid mechanics. Upon complete removal of stress 
exceeding Te , the material never fully recovers and suffers a 
permanent strain Y., which is the transition between elastic 
and plastic deformation. The elastic-limit yield stress is not the 
limit of linear behaviour but rather the limit of reversibility for 
the material. Loss of linear behaviour generally occurs before 
the elastic limit. The static yield stress Ts is the minimum 

7 =  PY+7,, . (1) 

stress necessary for the unbounded strain or the deformation of 
the material. Finally the plateau stress for large strains is the 
dynamic yield stress Ta . 

When a shear thinning or thickening effect is more pro- 
nounced, the post-yield behaviour becomes non linear. In 
order to accurately model this non linear post-yield (or flow- 
ing) behaviour, another generic fluid model sbould he used 
that is called the Herschel-Bulkley model [26]: 

(2) 7 = zg + kp” 
This fluid model is a generalized model for visco-plastic 

flow with yield stress. It can be reduced to the Bingham plastic 
model (namely, n=l) in the case where post-yield shear thin- 
ning or thickening are minimal. 

In regard to the Bingham model described by Equation 1, 
the applied electric field E af€ects the dynamic yield stress, 
with a quadratic relationship. This yields: 

7yd = aE2 (3) 
The ERF used in this project is the LID 33549 manufac- 

tured by Smart Technology Ltd. [27]. It is made up of 35% by 
volume of polymer particles in silicone/fluoroluhe base oil. 
According to the provider, the field dependencies for this 
particular fluid are: 

ryJ =C, @-E,) 
(4) 

T ~ , ~  = C, E’ 1 p = 8. -C,E2 

Where po is the zero field viscosity, C, , C,, C ,  and E, 
are constants which approximate values are supplied by the 
manufacturer. Obviously, the formula for the static yield stress 
is only valid for fields greater than E,, In this work, it is 
assumed tbat the torque controller will be used to &eIy con- 
trol the resistive torque of a device that is moved by an opera- 
tor (or by an auxiliary motor) and therefore only the dynamic 
mode is considered. 

m. ERF ACTUATOR AND FXPERBENTAL SYSTEM 

A haptic feedback joystick and knob has been developed 
by our team to address the desire, for s i m p l i i g  and enhanc- 
ing the human-vehicle interface [22]. These devices rely on 
passive, revolute ERF-based actwtors to induce controllable 
resistive torques. These actuators are used in this paper as the 
test-bed to perform closed loop torque control experiments and 
initial haptic knob tests. 

The studied ERF actuator consists of multiple parallel ro- 
tating ‘electrode plates to enhance the resistive torque output 
capability of the actuator by increasing the activated area of 
the fluid whik:maintaininga c+npact volume. Figure 1 shows 
a cut-away view and a picture of the assembled multiple Flat- 
Plate or FP actuator. Applying an electric field across the gaps 
causes the fluid properties to change, resdting in an increase 
in yield stress. This property is used to control the force feed- 
back of the actuator. The plastic parts of the prototype were 
built using rapid prototyping methods to allow for the quick 
creation of complicated shapes that would not have been pos- 
sible with machine shop methods. Table 1 shows the important 
parameters of the FP actuator prototype. 

To test the performance of the FP actuator prototype, to 
experimentally validate its theoretical model and to perform 
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closed loop torque control experiments the actuator was incor- 
porated into an experimental setup, shown in Figure 2. The 
actuator shaft is attached to a flexible coupling to ensure 
proper alignment. The other side of the flexible coupling is 
connected to a DC motor through a belt with a pulley wheel. 
This motor applies hown external torques to the FP actuator 
that will controllably resist these externally applied torques. 
An optical encoder attached to the shaft is used to measure the 
angular displacement. A torque sensor is attached at the base 
of the FP actuator to measure its resistive torque output. In this 
experimental setup, two parameters can be changed by the 
user: the motor velocity and the voltage applied to the fluid. . .. 

Fig. I Asrcmbled Mulnplc Flal-Plate ERF Actualor CAD Drawlag (LcA) & 
htotype (Right) 

TmLE 1: SiMuARY OF ERF ACTUATOR PROPmTIEs 
FP adustor 

Outer rsdior 14.7 mm 
32.5 mm 

188.5 mN m 
753.4 mN m 

Fig. 2 Expcdmental Setup 
A PC aumented with a US Dieitald PC7166m PC to in- " ~ ~ ~ 

~~ ~~~ 

cremental encoder interface card and a DatelQ PC412Cm 
Analog YO board was used in the open and closed loop ex- 
periments. The PC collects the sensor measurements, tbrough 
the data acquisition board or the encoder interface card, per- 
forms the feedback control calculation and then it sends out 
the signal to the FP actuator, tbmugb the D/A converter and 
laboratory built amplifiers. W d e c  v.1, sohare developed in 
our laboratoty, provides deterministic fast timers based on 
MSDN library under Windows NT platforms and can he used 
in both real-time control and data acquisition. 

lV. FP ACTUATOR MODEL 
Modelling of ERF actuators for use in closed loop torque 

control is inexistent. Therefore our fust step was to develop a 
model of the ERF actuator used that is suitable for closed loop 

torque control. Figure 3 defines important geomebic parame- 
ters that are used in the model. Since the system is mostly to 
be used when flowing, the post-yield model (i.e. dynamic 
mode) is derived. Providing an actuator model from the fluid 
model supposes to map the shear stress into the output torque 
and the shear rate into the output velocity. To do so, we as- 
sume that the shear stress is constant along a line parallel to 
the axis, between the electrodes. Also, due to the symmetry of 
the system, the shear stress is supposed to depend only on the 
radius r, not on the angle 8. 

Fig 3 Fp Actuator Mcdel lmpolfant ParametOS 

The elementary resistive torque between a pair of elec- 
trodes is then: 

b 

Td. = J m d A  ( 5 )  
5 

where dA = Znrdr and T(r) is the shear stress at a radius r fkom 
the axis. 

Since N rotating plates are mounted in between of N+1 
fmed plates, there are ZN gaps filled with ERF, producing a 
total resistive torque given by: 

T = ZNT, = 4fijr'r(r)dr (6) 

Furthermore, for a displacement 68 of the actuator, the 
(angular) shear deformation of a fluid element Sy (see Figure 
3) at a radius r is: 

5 

67 = %e (7) d 
The relationship fkom the actuator angular velocity to the 

( 8 )  

shear rate is then: 
I .  ?=-e 
d 

Thus, combining Equations (l), (4), and (S), one gets: 

r ( r ) = ~ , ~ ' + ( p ,  - ~ , ~ ' ) f i l  (9) d 
Combining with Equation (a), one gets: 

T =  4fijr2(CdE' +bo -C,E')%)dr (IO) 
0 

d 
which fmallv leads to: 

Furthermore, in order to produce the electric field, a posi- 
tive voltage is applied to the fixed plates, while the rotating 
plates, which geometrically alternate with the fixed ones, are 
grounded. The field is then the same in all the inter-plate gaps, 
and is simply given by: 
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V E =  - 
d 

T= To+k(V-Vti,)2 with. 
The final model can then be written as: 

T = (a, - a,6)V2 +a$ (13) 
where ai, i E [I ,... 31 are constant positive scalars given by: 

To = 17.25sign(6) + 0.06256 
k =  123sign(6)+0.56 (16) 

4 Pa a2 =d(r :  -r, )- I d 

v. EXPERIMENTAL PARAMETER IDENTIFICATION 

Our objective here is to verify the ability of Equation (13) 
to describe the post-yield behaviour of the actuator and ex- 
perimentally identify the model parameters. First experiments 
are done with a constant speed of the DC motor that provides 
the input torque to the FP actuator. Then the same experiments 
are performed with different constant speeds. In order to avoid 
the excitation of internal hysteretic cycles, that would corrupt 
the parametric identification; a careful repetitive procedure is 
used as follows for each experiment with constant speed a) 
the actuator is initially placed at 0 = 0’; b) the motor starts and 
obtains a constant velocity, and a ramp voltage is applied to 
the ERF. It is verified that the ramp slope is slow enough 
compared to the expected actuator dominant dynamics. As a 
result, a quasi-static behaviour can be assumed. When apply- 
ing the ramp voltage, the resistive torque is measured, c) when 
this experiment is over, the actuator is put back in the initial 
position with a null electric field; d) it is then verified that, 
redoing the experiment from step a, the torque response is 
repeatable. 

On Figure 4, lines in blue show typical results of the 
torque-voltage relationship for two different velocities of the 
DC motor. From Figure 4 it can he verified that the response 
shape agrees with Equation (13). It can be noticed that, below 
a certain voltage limit V, which depends on the velocity, the 
ERF seems reactionless. Note that this is in accordance with 
Equation (4), which describes the static pre-yield behaviour, 
although what is measured here is the dynamic mode. To 
account for this experimentally emphasized phenomenon, and 
takiig into account that the experiments were performed with 
constant s&, then Equation (13) could be written as: - .  . .  

v < v,, 
(15) To+k W-Vm)’ otherwise 

where To is the minimal torque measured with a zero voltage, 
V,, is the voltage under which nothing happens. 

The three parameters of a constant speed experiment, 
namely To, k, and V,, are then computed in order to obtain a 
least square best fit. In Figure 4, the red lines show the best 
fits of this model for the different velocities. The identified 
parameters To, k, and V,, are different for each experiment, 
which denotes their dependency on velocity. In tum, a best fit 
is used to express the velocity dependency of these three pa- 
rameters. It is found that the three parameters are linear func- 
tions of the velocity. Namely: 

To be able to use Equation (17) the following constraint 
needs to he satisfied: 

T(V,6) -To (6) Z 0 (18) 
Inequality (18) means that the desired resistive torque that 

the actuator should produce must be larger than To(@), i.e. the 
minimal torque measured with a zero voltage, which is the 
sum of a dry fiction term and a viscous term depending on the 
velocity. In cases where the desired torque is such that Ine- 
quality (18) is not satisfied, i.e. when the applied voltages are 
between zero and V, , a linear interpolation is used to calcu- 
late the applied voltage: 

(19) 

Equation (19) does not correspond to any physical model, 
but it is used in the open and closed loop control to provide 
model continuity when the voltages are lower than the voltage 
V,, where the ERF is reactionless. 

VI. CLOSED L o o p  CONTROL 

A non-linear, model based, PI controller with a feed- 
forward term was implemented as shown in Figure 5. A con- 
trol error is fed into a PI controller. The command torque is 
the sum of the output from the PI controller and a desired 
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torque feedforward term The latter is used so that the PI com- 
pensator works with small values of inputs and outputs. The 
command torque is converted to a control voltage using the 
non-linear Equation (17). Some representative results ffom the 
experiments with this controller are shown in Figure 6. It can 
be clearly seen that the response is fast (settling time is 
approx. 70 ms) and well damped. A residual error remains due 
to a dead zone of 0.07mNm that was put in order to avoid the 
excitation of hysteretic cycles. The response is reproducible 
for any value of the desired torque input which indicates a 
successful linearization. Extensive experiments have demon- 
strated a strong robustness of the controller to variations of 
experimental conditions, such as the magnitude and sign of 
velocity. The closed loop dynamics are rather constant, even 
when the actuator is cycled arbitrarily, i.e. when its hysteretic 
behaviour is excited. 

‘if&< 8 < a  
then if T > 1.5 

e - a  then Ta= T,- a - a  
else if T < -1.5 

t h e n T d = O  
else VM=& 

(20) 

.elseif a >  0 >& 
then if T < -1 -5 

e 2  - e then Td=Tsm- er  - a 
elseif T <  -1.5 

theLlTd=O 
else &.I=& 

else%= 0 

Fig. 5 Nan Linear PI Cmixolla With Feed-Faward Term 

36 . ...... ~.i ................................................................ c L l o n * L m ~ m l h l - I  
1 

u 1 - l a p ” l h l ~ l  
I 

i 
..... 

Fig. 6 Closed loop Step Response Using a Non-Linear PI Conmlln 

W. CREATLNG A HApnC SENSATION 

A major difficulty in creating a haptic sensation with 
ERF-based actuators is that they are semi-active systems i.e. 
they act as a controllable brake with variable and controllable 
damping and can not produce an effective torque or generate a 
displacement. ERF-based actuators can only change their 
viscosity in order to resist externally applied forces or torques 
by a user. Thus, achieving a haptic sensation with an ERF 
based actuator, it is required to implement a haptic function 
that uses as inputs not only the knob angle, but also the meas- 
urement of the torque applied by the operator. 

We consider here the haptic realization of a “click” func- 
tion. Namely, what we want to provide is a minimal resistive 
torque over the knob angular range, except around a given 
position Bo where it has to click. Consider that the operator 
moves the knob with a positive velocity. Up to a certain angle 
€I1< eh the desired torque is zero. Then, when el< 9< Bo, the 
system should resist increasingly, while, if 92 90, the desired 
torque should instantaneously drop to zero in order to produce 
the feeling of a rapid release. Thus, for a positive motion: 

ifQ<€I <Bo 
then if T> 0 

[else elseT&=O 

9 - Q  then L=T-- a - a  

Ta=O 

. ,. I ,;,’; :.’ .’ &liifT,O - : .............................. 

Fig. 7 The Haptic Fundon of B “Click” 
In a representative haptic experiment shown in Figure 8, 

the click is passed one time in both directions. It can he ob- 
served that the desired torque is a ramp since the velocity is 
constant. The actual torque precisely follows the desired one, 
except when the desired torque is zero, which cannot he 
achieved by the actuator due to the minimal amount of fiic- 
tion. This minimal amonnt, which is different before and after 
the click, is due to the hysteretic effect. The click-release dy- 
namics are very fast, as the actual torque drops to its minimal 
amount within less than 1OOms. 
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Fig. 8 Haptic Sensation: Passing Tamugh a "Click" 

VIE. CONCLUSIONS 

The purpose of this research was to verify the possibility 
of using ERF based actuators in haptic interfaces. An experi- 
mental method has been proposed to identify the system 
model that describes the resistive torque as a function of both 
the applied voltage and the velocity. The experimental inverse 
model was added to a PI controller in order to linearize the 
system. It has been shown that this non-linear PI controller 
with feed-foward exhibits a precise and accurate response, 
making it well-suited for haptic applications. Then, a function 
using the measured position, velocity and torque has been 
derived to attain the sensation of a h o b  with detents, or 
clicks. This function has been combined with the previous 
conholler to create a unique haptic interface. Experiments 
following emphasized the high quality haptic sensations pos- 
sible from combining these actuators with the discussed con- 
trollers and functions. 
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