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Abstract—For several decades now, the robotics industry has
postulated the emergence of a new breed of manipulators capable
of safely interacting with humans. The integration of robots
into human environments has always possessed a unique set of
challenges. The primary concern has always been for the safety
of the human coworkers. Insuring their safety has led to the
desire to design manipulators with intrinsic safety characteristics.
Specifically, it is noted that modern ‘human-safe’ manipulators
are successful if they have minimized both their weight and
reflected actuator inertia. The leading research accomplishing
this relies on complex actuation systems. Such systems commonly
suffer from degraded performance and high cost of development.
Magneto- and Electro-Rheological fluids are a class of smart-
materials that can instantaneously, and reversibly alter their
rheological properties under the influence of an applied field.
Devices developed with such fluids are known to possess superior
torque-to-inertia characteristics over conventional servo systems.
Moreover, their simple mechanical construction suggests that ma-
nipulators using such devices could be developed at a lower cost.
In this paper, we will discuss the potential benefits rheological
fluids can bring to the field of human friendly manipulators.

I. INTRODUCTION

Increasingly, we are witnessing a growing number of
developments in the field of robotics characterized by their
intent to integrate man and machine in a safe and functional
manner. The suitability of a manipulator to work in close
proximity with humans is determined first by the level of
safety it can guarantee towards its human counterparts. Much
focus has been centered on interactive robots which are
expected to perform in a safe and dependable manner in
unknown and unpredictable environments. Arguably, the chief
safety concern is the manipulator’s response to collisions
with humans. As we move closer and closer towards a shared
environment between robots and humans, new approaches to
manipulator design are becoming increasingly important.
Devices utilizing the wunique properties of Magneto-
Rheological (MR) and Electro-Rheological (ER) fluids
have been developed for robotic applications, however
almost entirely for use in haptic systems. While it has been
suggested in the literature how such devices might be used in
a manipulator to improve both safety and performance, there
appears to be a general reluctance towards adopting such
technology as a viable alternative to the current solutions.

In this paper, we will briefly discuss intrinsic properties of
manipulators which have an impact on safety, as well as
review some of the more notable actuation techniques and
manipulator designs developed for human-safe manipulation.
The unique properties of MR and ER fluids and how they
can be leveraged to develop high performance, ‘intrinsically
safe’ actuators are discussed next.

II. HUMAN-FRIENDLY
MANIPULATORS: BACKGROUND AND ANALYSIS

In attempts to guarantee the safety of humans within a
shared workspace, much research has been focused on the
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Fig. 1. Simulated HIC of a single axis manipulator

development of manipulators which are intrinsically safe.
That is, manipulators which by means of their mechanical
properties can guarantee some level of collision safety in the
absence of a controller. To understand the degree of safety
one might associate with a manipulator, we may look at the
results of an uncontrolled collision through the use of the
Head Injury Criterion (HIC) [1]. The HIC along with its
variations have long been used by the automotive industry to
gauge the severity of collisions. In the field of robotics, it can
also be used to gain similar insight. The HIC is defined as

1 to 2.5
max {(tz — 1) (t2 — /t1 a(t)dt) } (1)

where a is the acceleration of the head (in g’s), and ¢; and
to are times within the collision selected to maximize the
HIC, such that ¢; < t5. An HIC of 100 is the maximum
value considered to be non-life threatening. To gauge how
the effective inertia of a link is related to a manipulator’s
inherent ability to collide safely, we simulate a single axis
robot colliding with a human head (Fig. 1).

As we may have expected, the results of the HIC obviate that a
manipulator’s safety can be improved by reducing its effective
inertia. Thus, was inspired the generation of light weight
robots. One of the first manipulators to be designed under
the light-weight paradigm was the Whole Arm Manipulator
(WAM) [2]. The WAM uses steel cable transmission allowing
actuators to be located at the manipulator’s base. Another
successful implementation is the the DLR-II [3]. Using
light weight carbon composites to form its links, as well
as advanced actuator design integrated with low weight
harmonic reduction gears allows the DLR-III to attain a fully
integrated light weight design. These approaches however
addresses only half of the problem. Robotic manipulators
make use of high performance servo motors to drive their
links. These servo motors produce low output torque, and at
high velocity with respect to what is suitable for most robots.
To remedy this, gear reduction systems are most commonly
employed. The resulting torque at the link is the actuator
torque multiplied by the gear ratio G,, while the reflected
actuator inertia associated with the rotor of the motor is
multiplied by G,.2. Thus, the effective inertia experienced by

HIC =
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a robotic link can be expressed as
Jo = Ji+ G2, 2

where J, is the inertia of the link, and .J,. is the rotor inertia of
the motor. The reflected actuator inertia of a manipulators can
in fact be much larger than that of the link inertia [4], thereby
contributing a larger share of the inertial load during collisions.
In response to this, several novel actuation systems have been
proposed which work to decouple the reflected actuator inertia
from the link. Receiving considerable attention are actuation
systems that introduce compliance into their transmission.
Series Elastic Actuator (SEA) [5] accomplishes precisely
this by integrating an elastic element between the motor and
link. During collisions, the elastic element acts to distribute
the kinetic energy associated with the reflected actuator
inertia over a larger period of time, reducing the severity
of collisions. Intuitively, lower coupling stiffness results in
collisions producing lower HIC values. The addition of the
elastic element however dramatically reduces the controllable
bandwidth of the manipulator. We can remark that the
integration of SEA devices thus establishes a trade-off between
safety and performance parameterized by the coupling
stiffness. The Variable Stiffness Actuator (VSA) [6] was
developed to address the stringent safety-performance trade-off
characterized by the SEA. The VSA, like the SEA incorporates
an elastic element into its transmission. The VSA however
can alter the stiffness of the transmission coupling during
task execution. It can be observed from Fig. 1 that at lower
velocities, collisions involving stiff manipulators may still
occur safely (resulting in a low HIC). Thus, by dynamically
varying the stiffness of the transmission such that it is
compliant for high velocity motion, and stiff at low velocities,
accelerative ability can be improved while maintaining safety.
In [7] Chew et al. proposed the Series Damper Actuator (SDA)
as a means of achieving force/torque control. The SDA is
constructed by placing a rotary damper in series with the motor
drive. Force/torque control is achieved by controlling the rela-
tive angular velocity between the motor drive and the damper
output. Similar to the SEA, the SDA has inherent impact
absorption properties which are attributed to the dissipative na-
ture of the series damper. Similarly to the addition of an elastic
element, the SDA reduces the actuator bandwidth for decreas-
ing coupling viscosity. Again, a trade-off exists between safety
and performance, in this case parameterized by the damping
coefficient. (It should be noted that the authors of [7] suggest
how MR fluids can be used to vary the damping coefficient).
Using a damping element over an elastic element subsequently
reduces the order of the system by one. This implies that the
SDA is capable of achieving a larger force bandwidth over the
SEA. Variable Impedance Actuation (VIA) [8] combines both
variable elastic, and variable damping elements in the trans-
mission. This approach is an extension of the VSA concept. By
being able to vary both an elastic, and a damping element, it
is possible to again recuperate performance during task execu-
tion, while guaranteeing the safety of humans. The VIA further
requires additional actuators to vary coupling parameters.

Another notable variation on the SEA is the Distributed
Macro-Mini Actuation approach (DM?) [4]. Actuation of the
joint is achieved by the coupling of a low frequency-high
torque SEA with a high frequency-low torque servo. The high-
frequency servo, directly coupled to the joint, is used to actuate
the manipulator in a complimentary frequency space to that of
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Fig. 2. Cross-section of a multi-disk style MR fluid clutch.

the SEA. In this way, the effective controllable bandwidth of
the manipulator is improved. The low torque-high frequency
servo is selected such that its output inertia is minimized.
Thus, safety is maintained while performance is improved.

III. FUNDAMENTALS
OF MR AND ER FLUID BASED ACTUATORS

and ER Fluids are a suspension of micrometer-sized particles
in a carrier fluid. When subjected to an externally applied field
- magnetic field for MR fluids, and electric field for ER fluids,
the particles aggregate into columns aligning themselves in the
direction of the applied field. Subsequently, the columns act
to resist shearing of the fluid perpendicular to the field. The
apparent yield stress of the fluid is dependant on, and increases
with the intensity of the applied field. Using either MR or
ER fluids, a clutch can be constructed such that the amount
of torque it transmits can be controlled by the intensity of an
applied field. Fig. 2 is a cross-section of a multi-disk style MR
fluid clutch. The input shaft breaks out into a set of input disks
which are aligned in parallel to a set of output disks attached
to the output shaft. MR fluid fills the volume between input
and output disks. Rotation of the input shaft causes shearing
in the fluid with respect to the output shaft. By energizing the
electromagnetic coil, a field is induced in the MR fluid altering
its apparent viscosity. The outer casing of the MR clutch acts
as the magnetic flux path required to complete the magnetic
circuit. An ER clutch is formed much the same way, however
does not require a magnetic coil. Applying high potential
between input and output disks induces an electric field within
the fluid. MR fluid clutches require ferromagnetic materials
such as steel to form the magnetic circuit, while ER fluid
clutches can make use of lighter materials such as aluminum.
A great deal of models have been developed to describe
the behavior of both MR and ER fluids. The Bingham
visco-plastic model is commonly used to represent the shear
stress of the fluid as a function of the applied field, and shear
rate. The model is given by
dv

T = Ty(¢)+n%,7>7y (3)
where 7 is the shear stress, 7, is the field dependant yield
stress, ® is the applied field (magnetic field intensity H
in MR device, and electric field E in ER device), n is the
newtonian viscosity, and Z—Z is the velocity gradient in the
direction of the field. Applying the Bingham visco-plastic
model to a clutch, we define r as the radius from the rotational
axis, and [y as the thickness of the fluid filled gap between
input and output disks. In situations where r >> [y for
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r € [R1, Ro] (refer to Fig. 2), the velocity gradient becomes
constant. We can then rewrite (3) as

T = 7y(®)+nY(r), T>1y 4
where the shear rate + is defined as

o= wrl (5)
and w is the angular velocity between input and output shafts
of the clutch. The torque produced by a circumferential

element at a radius r is given by
dT = 2mrirdr. (6)

We define a clutch as having N output disks. Substituting (4)
into (6) and integrating across both faces of each output disk,
we arrive at

Ra wrs
T = 2N 27r(7y(<I>)r2 +n—>:3)dr
Ry Ly
3 _ p3 4 p4a

3 Al

as the torque transmitted by an N-disk clutch. Data relating
the yield stress 7, of a fluid to an applied field are generally
published by the manufacturer. The viscosity 1 of the
carrier fluid is typically in the range of 0.1 to 0.3 Pa-s. The
maximum torque transmission capability of an MR/ER clutch
is dependent on the maximum yield stress the material can
produce. MR fluids exhibit saturation in their yield stress at
high field strengths. This is a result of the underlying physics,
and limits the amount of torque a particular MR fluid can
transmit in clutch applications. ER fluids on the other hand,
experiences electrical breakdown at high field strengths, also
limiting their torque transmission capacity. MR fluids can
produce maximum yield stresses typically in the range of
50 to 100 kPa dependant on their chemistry. Alternatively,
this value for ER fluids does not typically exceed 10 kPa. It
should be noted that more recent research into the field of
ER fluids has produced materials exhibiting a yield stress on
par and even exceeding that of MR fluids [9].

Both MR and ER fluids respond to an applied field on the
order of 1 ms. However, in the case of MR clutch, actuation
response becomes delayed due to field propagation through
the magnetic circuit [10]. As the magnetic field propagates
from the coil, it is met by an opposing field produced by
induction currents in the magnetic circuit. The response delay
produced by this effect is exacerbated by the use of conductive
material in the magnetic circuit. Special design techniques not
unlike those used to construct large power transformers can be
adopted to minimize the magnitude of the induced currents.

IV. PROPERTIES AND CHARACTERISTICS
OF MR AND ER FLUID BASED ACTUATORS

Several configurations exist in which MR/ER clutches can be
utilized to develop an actuation system. The simplest config-
uration utilizes a motor to drive either an MR or ER clutch,
which in turn drives the joint. In this section, we will discuss
some of the relevant properties of MR and ER clutches impor-
tant for assessing their suitability as actuators. To generalize
the discussion, we will consider simplified mechanical models
of both clutch types. Note that in this section, we define the
actuator output to be the output of either an MR or ER clutch.

A. Actuator Inertia

MR/ER actuators have the characteristic of replacing the
reflected rotor inertia of the motor with the reflected inertia
of the clutch output shaft and disks. The benefit of MR/ER
actuators is their high torque to output moment of inertia ratio
as compared to servo motors. To show this, we approximate
the radius of the output shaft to be equivalent to R;. The
moment of inertia of a single output disk, J; is given by

1
Jg = iwpdzf (R} — RY) (8)

where p, is the mass density of the disk material, I is the
thickness of the disk (commonly between 0.5 to 1 mm), and
R, and R, define the minor and major radii respectively, of
the output disk. If we consider the torque transmitted solely
by the field dependant yield stress of the MR/ER fluid, the
torque transmission of a single disk is then given by,
4

Ta = gmmy (R - RY) )
Furthermore, if we consider /21 to be small, that is Ry > Ry,
then the contribution of the shaft region to both (8), and
(9) is also small. By allowing R; to equal zero, we can
approximate the torque-inertia ratio of a single disk to be

Ta _8 7y
Ja 3 palaRa

As observed the ratio becomes less favorable as R» increases.
This however is not the final measure that dictates the actuators
suitability. To grasp the overall effects of increasing radius, and
hence torque capacity, the reflected inertia at the joint should
be consider. The reason for this is that as radius increases along
with torque capacity, the gear ratio required to amplify the
actuator’s torque decreases. As the actuator inertia multiplies
the square of the gear ratio to arrive at the reflected inertia at
the joint, the analysis becomes important. The reflected inertia
of the MR/ER clutch at the manipulator joint is given by

o =

(10)

1
J = 5TPalaN (R3 — R})G? (1)
where we have included N to multiply the inertia by the

number of disks in the clutch. The gear ratio GG, is defined as
G, = T.T. (12)

where T is the desired torque at the joint, and T, is the
output torque of the clutch. Rearranging (9) to show the outer
radius Ry as a function of the clutch output torque yields

3 1. 1/3
e R3
4 wryN * 1)
We can then write the equation representing the reflected

inertia of an MR/ER clutch at the manipulator joint as a
function of the clutch torque.

Ry = ( (13)

J. = lﬂpdldN((§ L +R?)4/3—R‘1‘)(ZC/)2(14)

2 4y N T.
Fig. 3 shows the values of reflected actuator inertia versus
output torque for both MR and ER fluid clutches as well
as equivalent values for commercially available low-inertia
servo motors. It is evident that both MR and ER fluid
clutches demonstrate superior output inertia characteristics
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Fig. 3. Reflected inertia versus output torque for MR and ER fluid clutches
(T = 50 Nm, and parameters from Table I).
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Fig. 4. Simplified MR clutch model: A single shaft extends the length of
the clutch. Input and output disks have equivalent geometric and material
properties. The electromagnetic coil is contained between Ro and Rs3, and
R4 defines the outer surface of the ferrous core.

over the low-inertia servo motors. We note that the developed
inertia-torque relationship improves dramatically at larger
values of output torque for both MR and ER fluid clutches.

B. Mass of Clutch

In this section we develop mass-torque relationships for MR
and ER fluid clutches. While the relationships are developed
using simplified geometric models, they serve to establish the
order in which clutch mass compares to that of servo motors,
as well as the rate at which the ratio evolves for increases
torque capacity.
1) MR fluid clutch: To develop a relationship between clutch
mass and torque capacity for MR fluid clutches, we consider
the simplified geometric model detailed in Fig. 4. We will
solve for required parametric values through the application
of magnetic circuit analysis. We divide the reluctance of the
core R, into three sections, namely R.,, R.,, and R.,. The
symmetric geometry of the model dictates the reluctance R,
to be equivalent to that of R.,. Thus we define the reluctance
of the core to be

Re = R, +2R.,, (15)
where R,,, = R., = R,,. We have defined a clutch by the
number of output disks N coupled to the output shaft. For NV
output disks, a clutch is required to have N — 1 input disks,
and a total of 2N MR fluid interface gaps positioned between
input and output disks. In the simplified model of Fig. 4, we
define both geometric, and material properties of the input
and output disks to be identical. The disk pack assembly thus

contains 2N — 1 disks, and 2N MR fluid interface gaps. The
reluctance of the disk pack assembly 2R, can then be written as

M, = (2N —1)Ry+2NR, (16)

where Ry, and PR are the reluctance of a single disk, and
single MR fluid interface gap, respectively. The reluctance of
a material is given by R = /(pop,A), where [ is the mean
length of the flux path through the material, yo = 47 x 10~7
H/m is the permeability of free space, p, is the relative
permeability of the material, and A is the cross sectional area
of the material perpendicular to the flux path. Assuming the
mean flux path through any of the circuit members lies at
its geometric center, we can then derive the reluctance of the
individual components of the simplified clutch model to be

Ip+ 1.
Re, = b (17)
“ Moy T (RZ - Ri)
S (fsf)
@ Jnagm popy, 2mr)le  2p0pr, e
l l
Ry d !

= 5 % ==
popir, ©(R3 — R3)" 7 popr, 7 (R3 — RY)

Here, pi,, is the permeability of steel, the material used for
both the core and disks, p,, is the permeability of the MR
fluid, Wy is the thickness of a single disk, [ is the distance
between input and output disks forming the MR fluid gap, [,
is the thickness of the equivalent core sections, and [, is the
length of the disk pack, given by

Zp = (2N—1)ld—|—2le. (18)
The flux in the circuit ¢ is then given by
o = I/(R.+Ry) (19)

where [ is the total electric current through the cross section
of the magnetic coil defined as,

I = lp(R3 - RQ)Jw (20)

In (20), J,, is the current density of the coil cross section.
The magnetic field intensity H at any point within the circuit
is related to the circuit flux ¢ by

H = ¢/(noprA)

where again, p, and A are respectively the relative
permeability, and cross sectional area of the material at which
the magnetic field intensity H is to be determined. We now
define the parameter 7,° as the maximum yield stress at which
the MR fluid is to operate. Using data provided by the MR
fluid manufacturer [11] relating the yield stress of the fluid
to the applied magnetic field, we define H* as the magnetic
field intensity in the MR fluid required to produce the yield
stress 7,;. Rearranging (21), and substituting the appropriate
MR fluid geometric and material values, we define ¢* as the
flux required in the circuit to produce H* in the MR fluid,

¢* = popr, (R — R) H*

R, is uniquely defined by the parameters T, N, Ry and 7';
(refer to (13)). Thus, for the given set of fixed parameters
given in Table I, we solve for the values of R3, R4 and [,

2

(22)
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TABLE I
PARAMETER VALUES FOR SIMPLIFIED CLUTCH MODELS

MR Clutch Parameters ER Clutch Parameters

ly = 1x103m lgy = 1x103m
ly = 5x107%m ly = 5x107*m
Ri = 1x102%m Ri = 1x102m
5 = 39kpa le = 75x107%m
Jw = 25 x 10 A/m? Ry = Ro+le
Ty = 5 kpa
— N=1‘, WR Clutch
= = = N=5, MR Clutch H
 N'=10, MR Clutch
= N'=1, ER Clutch i
= = = N=5,ER Clutch
_ " N=10, ER Clutch I
2 = Parker SMH-series servo motors
2
©
=
s
=]
[$)
8 100 120 140 160 180 200
Clutch Torque [N-m]
Fig. 5. Mass of simplified clutch models versus torque capacity

that satisfy (19) for ¢ = ¢*, while simultaneously minimizing
the clutch mass m,,., given by

Mype = Me + My + Mg + My, (23)
me = w (R~ )l +2 (R}~ B) L] s
my = w[(2N —1)laps +2Nlsps] (R5 — R})
My 7 (R3 — R3) lypews  ms = 7R3 (I + 21.) par,

where m,. is the mass of the core, m,, is the mass of the disk
pack assembly which includes the MR fluid, m is the mass
of the shaft, and m,, is the mass of the magnetic coil. In (23),
Pss Pfs Peus and pg; are respectively the mass densities of
steel, MR fluid [11], copper, and aluminum. Fig. 5 shows the
mass-torque relationship of the simplified MR clutch model
and compares it to a commercially available servo motor. We
note that due to the mass overhead associated with the material
required to form the magnetic circuit, the mass-torque ratio
of MR fluid clutches is less favorable at very low values N.

2) ER fluid clutch: The mass of an ER fluid clutch can be
similarly approximated by again considering the simplified
geometric model of Fig. 4. By assigning R3 the value of Ro,
the electromagnetic coil effectively vanishes from the model.
We can then express the mass of an ER fluid clutch in terms
of the mass equations previously developed, that is

(24)

Mege = Mp +ms + me

however, we substitute the mass density of aluminum p,;
for all components. As ER fluid clutches do not require
ferromagnetic metals, there is more freedom to select lighter
materials. Again, Ro is defined by (13). Thus, given the
values of the clutch parameters in Table I, we develop the
mass-torque relationship for the simplified ER fluid clutch
model reported in Fig. 5. In the developed mass-torque
relationships of both MR and ER fluid clutches, we observe
superior characteristics over the commercially available servo
motor. More impressive is the fact that the mass-torque ratio
remains consistent, or improves as the torque transmission

capacity of the clutch is increased. Thus, even for very high
torque requirements, such as those of Direct Drive (DD)
systems, a low wight clutch solution becomes attractive.

V. DISTRIBUTED ACTIVE SEMI-ACTIVE ACTUATION

The Distributed Active Semi-Active (DASA) actuation config-
uration locates a driving motor (the active actuator) at the base
of the robot, and a semi-active device (either an MR or ER
fluid clutch) at the joint (refer to Fig. 6). The gear ratios G
and G5 are balanced to give the desired mass, and reflected
output inertia at the link. Reducing G reduces the require-
ments of the clutch transmission torque which thus reduces
the mass of the clutch, however the reflected output inertia is
inevitably increased as G2 must then be increased to compen-
sate. In the previous sections have shown how actuating a joint
via an MR or ER fluid clutch can be accomplished at greatly
reduced mass and reflected output inertia versus conventional
servo motors. The impact on safety is immediately appreciated
as the effective inertia of the link is instantly reduced. This not
only improves manipulator performance, but further allows a
manipulator to operate at higher velocities while maintaining
safe HIC values in the event of an collision. Moreover, the
clutch itself is back driveable, and can be thought of as exhibit-
ing the properties of an ideal torque source. The characteristic
of back drivability has been identified as more than desirable
in operations requiring physical interaction between man and
machine. While motors themselves are also intrinsically back
drivable, the high ratio gear reductions they require are of-
ten not. Thus, highly performing low weight robots which
implement low mass motors at the expense of high ratio
gear reductions rely on torque sensors in the control loop to
electronically implement back-drivable behavior. MR and ER
clutches have the added benefit of uniform torque transmission
independent of armature position, unlike servo motors which
suffer from nonlinearities such as cogging torque. Relocating
the driving motor to the base of a robot in order to reduce the
mass at the link is not a new concept. However, it has been a
restrictive practice as the newly required transmission respon-
sible for bringing mechanical power from the base to the joint
has commonly introduced unwanted friction and compliance
which have reduced performance, and complicated the control
system. The DASA implementation however can be controlled
to operate in a region in which torque transmission is relatively
immune to perturbation in the relative angular velocity w
within the clutch. This characteristic allows the DASA system
to function with less than ideal mechanical transmission while
maintaining the performance and characteristics of a ‘stiff’
transmission at the joint. To explain this, we consider that the
the Bingham model is accurate for describing the rheology
of the fluid for shear stress 7 above the field dependant yield
stress 7, as expressed in (3). It is this ‘Bingham region’ in
which we wish the clutch to operate in order to benefit from
the aforementioned characteristics. Below the yield stress 7,
however, the fluid exhibits newtonian characteristics, that is to
say that 7 grows with a non-negligible proportionality to the
shear rate . (For a more in-depth analysis into rheological
modeling of MR fluids and the source for this discussion,
see [12]). We can thus attribute a field dependant shear
rate threshold §* below which the fluid exhibits newtonian
characteristics, and above which, the Bingham model applies.
To maintain the clutch in the Bingham region, the fluid at any
radius r within the clutch must maintain a shear rate 4 above
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Fig. 6. Distributed Active Semi-Active Actuation: Solid line represents
single clutch configuration, dotted line represents connection to second
clutch present only in antagonistic configuration.

4*. To guarantee this condition, we define the field dependant
angular velocity w*, the threshold above which operation in
the Bingham region is ensured as

Wt o= AR (25)
We come to (25) by rearranging (5) and substituting r with
its minimum value R;. R; must be used as it is the critical
radius at which the lowest shear rate % occurs within the
clutch. The control strategy should therefore attempt to
avoid entering the newtonian region by controlling the motor
angular velocity w,, to satisfy the condition

wm| = wj W+ € (26)

where w; is the angular velocity of the joint, and € is a field
dependant error margin selected to ensure that the dynamics
of the motor have enough time to react to quickly varying
values of w;. € must be large enough to ensure w > w* under
all dynamic situations, however exact calculation of ¢* may
be difficult as there is a reliance on empirical data associated
with the dynamics of the joint/link. Care must be taken,
however, to avoid unnecessary power dissipation, which for
a clutch is defined as P; = Tw. Because w tracks w™ + €*,
the value selected for €* cannot be arbitrarily large. Crossing
into the newtonian region is required to alter the direction
of the torque transmitted to the link when utilizing a single
clutch to implement the DASA system. As the motor must
change the direction of its output rotation, the clutch torque
transmission momentarily enters a dead-zone (courtesy of the
newtonian characteristics), the extent of time in which spent is
dependant on the dynamic capabilities of the motor. This has
the potential, and in fact probability of creating substantial
backlash, which could severely handicap the system’s ability
to effectively accomplish precision position control.

VI. ANTAGONISTIC-DASA

An antagonistic configuration of the DASA system is intended
to increase performance, and rectify the shortcomings of the
single clutch DASA system discussed in the previous section.
The transmission shaft drives the input to both clutches (Fig
6), however in opposite directions with respect to one another.
The antagonistic output of the two clutches is coupled to the
link. By energizing one of the two clutches, torque can be
transmitted in either the clockwise, or counterclockwise di-
rection. Thus, the antagonistic configuration allows for torque
transmission to the joint to alter direction without altering the
direction of the motor output, thereby eliminating the backlash
introduced by the single clutch DASA. Such devices have been
developed for ER fluids. Sakaguchi and Furusho developed
a Two-Directional-Rotational-Type ER Actuator having very
high performance characteristics [13]. Maintaining rotation
of the motor shaft, the bandwidth of the antagonistic-DASA
output is limited by charging, and discharging of the relevant

field required to activate the clutch pair. It is anticipated that
an antagonistic DASA implementation utilizing ER clutches
will have a higher controllable bandwidth over an MR DASA
equivalent. This is due to the short charge time associated with
electric fields as compared to the propagation of the magnetic
field through the magnetic circuit of an MR clutch. If we
label the two clutches of an Antagonistic DASA assembly as
Cy, and Co, then the motor’s angular velocity should track

wm = max{|w; —w|, |ws —wj|} + € (27)

to avoid entering the Newtonian region of operation in either
clutch. w], and w; are the angular velocity of the Bingham
region thresholds for clutches Ci, and Cy respectively. Note
that in our convention, clutch C, has its input reversed in
direction with respect to clutch C;, that is w1 = w; — Wy,
while wy = w; + wp,.

VII. CONCLUSION

MR and ER fluids exhibit promising characteristics for
applications in robotics. Specifically, they are well suited
for actuation systems developed to interact physically with
humans. As we have shown, MR and ER clutch based
actuators demonstrate excellent mass-torque, and inertia-
torque ratios. This is especially evident for clutches having
large torque capacities. This creates a niche opportunity for
MR and ER based actuators to be developed into light-
weight Direct-Drive (DD) systems. Light-weight DD systems
exhibit several characteristics which are very much sought
after for human friendly manipulators. Namely: intrinsic
back-drivability, low output inertia, superior performance and
bandwidth, and precision controllability of output torque.
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