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Human-Robot Interaction via the Transfer
of Power and Information Signals

H. KAZEROONI, MEMBER, IEEE

Abstract — A human’s ability to perform physical tasks is limited not by
intelligence, but by physical strength. If, in an appropriate environment, a
machine’s mechanical power is closely integrated with a human arm’s
mechanical power under the control of the h llect, the Iting
system will be superior to a loosely integrated combination of a human and
a fully automated robot. Therefore, a fundamental solution to the problem
of *“extending” h h | power must be developed. The work
presented defines “extenders™ as a class of robot manipulators worn by
humans to increase hi hanical s gth while the wearer’s intellect
remains the central control system for manipulating the extender. The
human, in physical contact with the extender, exchanges power and infor-
mation signals with the extender. This analysis focuses on the dynamics
and control of human-robot interaction in the sense of the transfer of
power and information sig) General models for the | the exten-
der, and the interaction between the human and the extender are devel-
oped. The stability of the system of human, extender, and the object being
manipulated is analyzed and the conditions for stable maneuvers are
derived. An expression for the extender performance is defined to quantify
the force augmentation. The trade-off between stability and performance is
described. The theoretical predictions are verified experimentally.

I. INTRODUCTION

HE ability of a robot manipulator to perform a task

depends upon the available actuator torque: a rela-
tively small hydraulic actuator can supply a large torque.
In contrast, the muscular strength of the average human is
quite limited. Extenders are defined as a class of robot
manipulators which extend the strength of the human arm
while maintaining human control of the task. The defining
characteristic of an extender is the “transmission of power
and information signals.” The extender is worn by the
human; the physical contact between the extender and the
human allows direct transfer of mechanical power and
information signals.! Because of this unique interface, con-
trol of the extender trajectory can be accomplished without
any type of joystick, keyboard, or master-slave system.
The human provides a control system for the extender,
while the extender actuators provide most of the strength
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'Human-machine interaction in active systems has been traditionally
characterized by the exchange of “information signals™ only. For exam-
ple. in human—computer interaction, the human sends information sig-
nals to the computer via a keyboard. In another example, a person sends
an information signal to an electric mixer by pushing buttons. There is no
power transfer between the person and the mixer motor: the person docs
not feel the load on the mixer motor.

necessary for the task. The human becomes a part of the
extender and “feels” a scaled-down version of the load
that the extender is carrying. The extender is distinguished
from a conventional master—slave? system. In contrast, in
a conventional master—slave system, the human operator is
either at a remote location or close to the slave manipula-
tor, but is not in direct physical contact with the slave in
the sense of transfer of power. Thus the operator can
exchange information signals with the slave, but cannot
directly exchange mechanical power. A separate set of
actuators is required on the master to reflect forces® felt by
the slave back to the human operator.*

The input to the extender is derived from the contact
forces between the extender and the human. The contact
force is measured, appropriately modified (in the sense of
control theory to satisfy performance and stability criteria),
and used as an input to the extender control, in addition to
being used for actual maneuvering. Because force reflec-
tion occurs naturally in the extender, the human arm feels
a scaled-down version of the actual forces on the extender
without a separate set of actuators. For example, if an
extender is ecmployed to manipulate a 100-1bf object, the
human may feel 10 Ibf while the extender carries the rest
of the load. The 10-1bf contact force is used not only to
manipulate the object, but also to generate the appropriate
signals to the extender controller.

Fig. 4(a), which is used to describe several concepts,
shows a simple one-degree-of-freedom extender imposing
large forces on the environment. This experimental exten-
der consists of an outer tube and an inner tube. The
human arm, wrapped in a cylinder of rubber for a snug fit,
is located in the inner tube. A piezoelectric load cell,
placed between these tubes, measures the interaction force
between the human arm and the extender. A rotary hy-
draulic acutator, mounted on a platform, powers the ex-
tender. Fig. 1 shows the author’s conception of the archi-

’A master-slave system (teleoperator system) uses a control joystick of

a geometry similar to that of the slave manipulator for input. The joystick
(master) has position transducers at the joints to measure displacement,
and the output from these transducers is used as an input to the
manipulator (slave). Thus, the motion of the manipulator follows that of
the joystick. Ideally, the motion of the slave will be identical to that of
the master.

In this paper, “force™ implies force and torques, and *“position”
imPIics position and orientation.

The climination of force feedback in remote master-slave manipula-
tion may result in poor positioning precision and possible instability.
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Fig. 1.

tecture for a prototype multidegree-of-freedom extender
being built at the University of Minnesota. For clarity, the
sleeve into which the human’s arm would be inserted is not
shown and the extender is shown without a base. In
reality, the extender might be attached to a mobile or
stationary base.

This article establishes a set of experimentally verified
ground rules for control of human-machine interaction in
the sense of transfer of power and information signals.
Section II is devoted to the history and background rele-
vant to this work. Sections III-VI describe the dynamic
behavior of the extender and human, and their interaction.
Section VII gives a mathematical description of extender
performance. Sections VIII and IX derive the stability
condition for the system of extender, human, and object
being manipulated. The expressions for performance and
for the stability condition reveal the trade-offs between the
degree of performance and the stability range. This leads
to Sections X—XIII, which give a detailed theoretical and
experimental description of the stability and performance
of a prototype extender.

II. HISTORY AND BACKGROUND

The concept of a device to increase the strength of a
human operator using a master—slave system has existed
since the early 1960’s and was originally named *“man-
amplifier.” The man-amplifier was defined as a manipula-
tor which would greatly increase the strength of a human
operator while maintaining human control of the manipu-
lator. Note that these early systems were based upon the
master—slave concept rather than upon direct physical
contact between human and manipulator.

In the early 1960’s, the Department of Defense was
interested in developing a powered “suit of armor” to
augment the lifting and carrying capabilities of soldiers.
The original intent was to develop a system which would
allow the human operator to walk and to manipulate very
heavy objects. In 1962, research was done for the Air
Force at the Cornell Aeronautical Laboratory to determine
the feasibility of developing a master-slave system to
accomplish this task [2]. This study determined that dupli-

Author’s conception of multidegree-of-freedom extender being built at University of Minnesota.

cating all human motions would not be practical, and that
further experimentation would be required to determine
which motions were necessary. It was also determined that
the most difficult problems in designing the man-amplifier
were in the areas of servo, sensor, and mechanical design.

The Cornell Aeronautical Laboratory did further work
on the man-amplifier concept [16] and determined that an
exoskeleton (an external structure in the shape of the
human body), having far fewer degrees of freedom than
the human operator, would be sufficient for most desired
tasks. A preliminary arm and shoulder design, developed
at Cornell in 1964, determined that the physical size of the
hydraulic actuators limited the manipulator’s amplifying
ability.

Further work on the human-amplifier concept, through
prototype development and testing, was carried out at
General Electric from 1966 to 1971 [4]-[6], {14}, [17], [18].
This man-amplifier; known as the Hardiman, was designed
as a master—slave system. The Hardiman was a set of
overlapping exoskeletons worn by the human operator.
The master portion was the inner exoskeleton, which fol-
lowed all the motions of the operator. The outer exo-
skeleton consisted of a hydraulically actuated slave, which
followed all the motions of the master. Thus the slave
exoskeleton also followed the motions of the operator.

In contrast with the Hardiman and other man-ampli-
fiers, the extender is not a master—slave system. Instead,
the human operator’s commands to the extender are taken
directly from the interaction force between the human and
the extender. This interaction force also helps the extender
manipulate an object. The extender controller translates
the signals representing the interaction force into a motion
command for the extender. Thus the human initiates track-
ing commands to the extender in a natural way.’ The
controller also regulates the interaction force to be a

°A point must be made about what we mean by “natural way.” If
*talking™ is defined as a natural method of communication between two
people. then we would like to communicate with a computer by talking
rather than by using a keyboard. The same is true here: if we define
*“mancuvering the hands™ as a natural method of moving loads, then we
would like to move only our hands to maneuver a load, rather than by
using a keyboard or joystick.
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desired force reflection on the human. The human opera-
tor can feel the scaled-down effect of loads and/or inter-
action forces on the extender because the forces acting on
the extender are reflected back naturally.

Some major areas of application for the extender include
manufacturing, construction, loading and unloading air-
craft, maneuvering cargo in shipyards, foundries, mining,
or any situation which requires precise and complex move-
ment of heavy objects. In contrast with existing systems,
such as forklifts, pulleys, and cranes, the extender lets the
human adjust the orientation of objects. Due to the natural
communication between the human and the extender, the
extender has major advantages over conventional methods
of manipulating heavy objects.

1) The human needs very little training to operate the
extender in contrast with driving a system via key-
boards and joysticks.

2) The human can react quickly to provide an input to
the extender because the forces acting on the ex-
tender are fed back naturally. For example, the oper-
ator can orient a heavy object faster with an exten-
der.

3) The human operator can feel the scaled-down effect
of loads and/or interaction forces on the extender
because the forces acting on the extender are re-
flected back. A master-slave system needs two sets
of actuators for force reflection on the human.

4) The operator can maneuver heavy objects much more
naturally. For example, if an object is falling, the
operator can prevent the fall more quickly.

The extender also can serve as an upper limb orthosis,
enhancing existing motor ability in the physically im-
paired. An orthosis is an externally applied device which
improves the functionality of an impaired limb® in contrast
with a prosthesis, which replaces body segments [1], [19].
The extender orthosis would augment the lifting ability of
the patient and also allow continued use of the patient’s
remaining motor ability. To employ the extender, the
patient must have some ability to move his arm and thus
drive the extender. The extender would serve to improve
the patient’s limb function while utilizing the remaining
natural limb function. Instead of promoting muscle atro-
phy, the extender system could be therapeutic and pro-
mote further muscle development in the limb.

The first tests on a motor-controlled upper limb orthosis
were carried out in 1956 [1]. This was a myoelectric’
system, which used the electrical output of contracting
muscles as a control input. Striated muscles drive body
segments and are composed of many motor units. When a

Appropriate modification of the extender for this usc would include
decreasing the overall size of the extender, decreasing the size of the
actuators used, and improving the cosmetic appearance of the extender.

Myoelectric: Pertaining to the electic or electromotive properties of
muscle.

striated motor unit is contracted. an electrical signal is
generated by the depolarization, which initiates the con-
traction. The sum of the depolarizations from all motor
units in the muscle is known as an electromyographic or
EMG signal. One disadvantage of using EMG signals is
cross talk from other contracting muscles in the region of
interest, which may interfere with the desired input. In
addition, the signal obtained from the muscles is very
small, and thus, noise may be a serious problem. Also,
considerable concentration is required to perform manipu-
lation with more than one degree of freedom; this has a
serious effect on patient acceptance of the device.

A second alternative for command generation is the
mechanical input system. Mechanical input systems rely
on a joystick or other input device to initiate a control
command. The orthosis follows the motion of the joystick:
up—down, left-right, or backward-forward. A disadvan-
tage of this system is the coupling of the joystick motion
with the orthosis motion. A third alternative for command
generation is the photoelectric system, which converts light
energy to electric energy for use as a command signal.
Such a system requires a light source which can
be manipulated by the patient and photocells to convert
energy {3].

1II. DyNAMIC BEHAVIOR OF THE EXTENDER

Considering the extender as a mechanism composed of
rigid members, the dynamic behavior of an open-loop
extender (without any control feedback) can be derived by
a set of nonlinear differential equations via the Lagrangian
[7] or Eulerian approaches. However, the rigid body dy-
namics are not sufficient for modeling if there are other
significant dynamic components in the system. For exam-
ple, if hydraulic actuators are chosen to power the exten-
der, then the dynamic behavior of the actuators may be a
considerable factor which must be integrated into the total
dynamic behavior of the extender. Transmission systems,
when used to drive the extender, may also contribute to
the extender dynamics. Therefore, the objective here is to
develop an unstructured dynamic model {10] that can
represent the complete dynamic behavior of the extender
in a very general form. This unstructured model focuses on
the relationship between the input and output properties
of the extender, and thereby implicitly includes all of the
extender components’ dynamics. Structured dynamic mod-
els, such as first- or second-order transfer functions that
represent the dynamic behavior of the extender compo-
nents (e.g., actuators or sensors), are thus avoided in the
extender general analysis. These models, when used for
control analysis, lead to very specific stability conditions
that may not be applicable to all classes of extenders.

In the most general dynamic model for the extender, the
extender position, y,, is an n, X1 vector resulting from
two classes of inputs: first, the electronic command to the
extender drive system, and second, the forces imposed on
the extender. It is assumed that the extender primarily has
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Fig. 2. Extender position, y,. is function of input command signals. u,.
forces from the object being manipulated. f,,. and forces from human.
f.4. Arguments for all functions are omitted except when new functions
are defined or when required for clarity.

either a closed-loop velocity controller or a closed-loop
position controller. This is not the only controller on the
extender; Section VI describes other feedback loops on the
extender. Choosing a primary stabilizing compensator® for
the extender has been motivated by the following two
issues.

1) It is important for human safety that the extender
remain stable when not worn by a human. A closed-
loop velocity controller or a closed-loop position
controller keeps the extender stationary when not
worn by a human.

2) The design of the primary stabilizing compensator
lets the designers deal with the robustness of the
extender without getting involved in the dynamics of
the human and the object being manipulated by the
extender.

The choice of a primary stabilizing compensator is not
discussed here; a variety of compensators can be used to
stabilize the system in the presence of uncertainties [9],
[20]. Regardless of the type of primary stabilizing compen-
sator, it is assumed that the extender position y, is the
extender model output, u, is the input electronic com-
mand to the primary compensator, f,, is the force im-
posed by the human on the extender, and f,, is the force
imposed by the environment (the object being manipu-
lated) on the extender. Equation (1) is an expression for
the position of the extender, y,. Fig. 2 shows the block
diagram for the dynamic behavior of the extender.

ye=Ex(ue*feh’fen) (1)
If a position controller is selected to be the primary
stabilizing compensator, mapping 1 is stable. However, if a
velocity controller is selected to be the primary controller,
the extender position is not a stable function of the exten-
der inputs. The following norm inequality can be defined
by taking the truncated L, norms of both sides
of (1):

”ye.THZ < aue”“e,T“Z + afeh”feh,T“2 + afen“fen,T“Z + Bye

vieT (2)

8Hereafter, the words “primary stabilizing compensator™ refer to cither
a closed-loop position controller or a closed-loop velocity controller that
stabilizes the extender.
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where a,,. @/ p,. and B, are positive constants, and
Vers Ugrs fonrr @and f,, r are the truncated functions.’
The extender “sensitivity” gain, aj,,. represents a mapping
from the “size” of the human force, f,,. to the “size” of
the extender position, y,. If a,, is small, then the motion
of the extender has a small response to the human force,
for- Similarly, «,, is defined as the sensitivity of the
extender motion to the environmental force, f,,. A closed-
loop positioning system with several integrators as the
extender primary controller yields small a,,, and a,,,, and
consequently small extender response to f,, and f,,.

1V. DyYNAMIC BEHAVIOR OF THE HUMAN ARM

This section describes the dynamic behavior of the hu-
man arm as a relationship between inputs and outputs.
Therefore there is less concern for the internal structure of
the components in the model. The particular dynamics of
nerve conduction, muscle contraction, and central nervous
system processing are implicitly accounted for in con-
structing the dynamic model of the human arm.

Fundamental differences in human arm behavior can be
attributed to two types of maneuvers: unconstrained and
constrained. In unconstrained maneuvers, the human arm
is driven in its workspace without contact with any envi-
ronment. In constrained maneuvers, the human arm is
driven in its workspace so the environment continuously
exerts a dynamic constraint on the human arm. Since the
human arm, wearing the extender, is always constrained by
the extender, the primary focus is on constrained maneu-
vers.

This article avoids attributing a particular class of con-
trol action to constrained maneuvers of the human arm. It
is not certain that the human arm behaves as a force-con-
trol system that accepts a set of command forces from the
central nervous system. Maneuvering our hands in a stream
of water from one point to another target point, while
struggling with the water current, is an example that shows
the human arm can work as a position control in a
constrained space and can continuously accept a position
or velocity command from the central nervous system. On
the other hand, pushing a pin into a wall is an example of
a constrained maneuver where the human imposes a force
on the pin without being concerned about the pin position

°1f [I3.liz < oc. then y, € L5 which implies that y, is L3-stable [21]. In
cases where the norm may approach infinity, a truncated function y, 7 is
defined as

t<T

YeT= 0, t>T.

If ||y, 7ll; <oc. then y, belongs to the extended Lj-space denoted by
14, This definition facilitates the analysis of systems in which the
subsystems are unstable while the entire system may be stable. Although
mapping 1 may not be L, stable, inequality 2 assumes that within any
limited time, T, the cxtender position will be bounded whether the
extender primary controller is a position controller or a velocity
controller.
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Fig. 3. Force imposed by human arm on extender, f,,. is function of

commands from central nervous system, u,. and extender position »,.

in the direction normal to the wall; this may be viewed as
a system that accepts force commands from the central
nervous system.

Considering the above dilemma in attributing a particu-
lar control action to constrained maneuvers of the human
arm, a Norton or a Thevenin equivalent concept is used to
arrive at a general substitute for the entire dynamic behav-
ior of the human arm interacting with the extender. In the
same way that the choice of a Norton or Thevenin equiva-
lent does not affect the behavior of a circuit in interaction
with other circuits, our choice in modeling the human arm
by a Norton or a Thevenin equivalent has no effect on its
interaction with other systems. Considering the “force-cur-
rent” analogy between electrical and mechanical systems, a
Norton equivalent is chosen to model the human arm
dynamic behavior as a non-ideal source of force interact-
ing with other systems. The notion of “non-ideal” indi-
cates that this force-control system responds to both posi-
tion disturbances from the extender and force commands
from the central nervous system. Since the human arm is
only in contact with the extender, the position and/or
velocity disturbances on the human arm are only from the
extender.

The force imposed by the human arm on the extender
results from two inputs. The first input, u,, is issued by the
central nervous system, and the motion (position and/or
velocity) of the extender forms the second input. One can
think of the extender motion as a position disturbance
occurring on the force-controlled human arm. If the exten-
der is stationary, the force imposed on the extender is only
a function of commands from the central nervous system.
However, if the extender moves, the force imposed on the
extender is a function not only of the central nervous
system commands but also of the motion (velocity and /or
position) of the extender. It is assumed that the specified
form of u, is not known other than that it is human
thought deciding to impose a force onto the extender. If
the extender moves, the imposed forces on the extender are
different from u,. S, is defined in (3) to map the extender
position, y,, onto the imposed force on the object, f,,.
Thus

fen=1tn—Sp(5.). (3)

S,. the human arm “sensitivity” operator, is the distur-
bance rejection property of the human arm. If the gain of
S, is small, then the extender motion has a small effect on
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Fig. 4. (a) Amount of torque that constrains extender motion is coun-
terclockwise torque of (K, + Cr,)/2,. (b) Amount of torque that
constrains extender motion in free maneuver is clockwise torque of
(mf2,§, + mgl,, cos( 3,)).

the imposed forces, f,,. Fig. 3 shows the Norton equiva-
lent circuit and the block diagram of (3), where i, iy, v,
and 1/R correspond to f,,, u,, y,, and S,, respectively.
Since it is assumed that the human arm is stable, the
following norm inequality can be defined by taking the L}
norms of both sides of (3):

(4)

I fonllz <lunllz + aghll yell2 + Bre

where ag, and B, are positive constants.

V. DyNAMIC BEHAVIOR OF THE ENVIRONMENT

The extender is used either to manipulate heavy objects
or to impose large forces on objects.!® A simple example of
extender—environment interaction is seen in Fig. 4(a) in a
single-degree-of-freedom extender prototype. This example
shows the single-degree-of-freedom extender swinging
clockwise, compressing an environmental apparatus. The
deformation of the environment is equal to y,, the position
vector of the extender. Defining the direction of f,, as
being to the extender from the environment, the torque
that constrains the extender motion is a counterclockwise
torque of (K + Cs)/2,y,, where K, C, y,, and s are stiff-
ness, damping, extender angular orientation, and the
Laplace operator, respectively. In another example, in Fig.
4(b), maneuvering an object with mass m and angular
acceleration of j, results in a constraining clockwise torque

In this article, the word “cnvironment” has also been used to
represent any object being manipulated or pushed by the extender.
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Fig. 6. Dynamics of extender, human, and environment without any
feedback. This block diagram is composed of block diagrams of Figs. 2.
3. and 5.

of [mi2, 3, + mgl,,cos(y,)], where y, is the angular orien-
tation of the extender.

Defining E, as a nonlinear operator representing the
environmental dynamics and f,,, as the equivalent of all
the external forces imposed on the environment, (5) pro-
vides a general expression for the force on the extender,
f.n» as a function of y,:

fenz-En(ye)+fext' (5)

In the example of a spring and damper (Fig. 4(a)), E, is
a transfer function such that E,(s)= (K + Cs)/2, and
fuxe = 0. In the example of accelerating a mass (Fig. 4(b)).
E, is a nonlinear function such that E,(y,) = [mi2,j, +
mgl,, cos(y,)] and f., = 0. Fig. 5 shows the general block
diagram of the environmental dynamics. It is not clear if
the environment is an L, stable function of y,. Similar to
the extender dynamic behavior, mapping 5 is assumed to
be bounded within any bounded interval T. The following
norm inequality can be defined by taking the L3 norms of

both sides of (5):

”fen,T“Z < aEn”ye,THZ + “fext,T”Z + Bj’en

where ag, and B, are positive constants.

vieT (6)

VI. DyNaMIC MODEL OF THE HUMAN, EXTENDER,
AND ENVIRONMENT

The dynamic behavior of the extender, human, and a
load can be represented by the block diagram in Fig. 6,
where (1), (3), and (5) are valid.

If u,, u,, and f,,, in Fig. 6 are zero (i.e., the input to the
extender is zero, the human has no intention to move the
extender, and no other forces are imposed on the extender),
the interaction force bewteen the human and extender is
zero. If the human decides to move his hand (ie., u,

Fig. 7. Compensators /1 and I/, increase apparent sensitivity of exten-
der in response to forces from human and from environment.

becomes a nonzero value) and u, and f,,, are still zero, a
small extender motion develops from the interaction force
bewteen the human and extender. The extender motion is
trivial if a,, has a small gain, even though the interaction
force may not be small. The human arm may not have the
strength to overcome the extender primary control loop.
The objective is to increase the effective strength of the
human by increasing the apparent sensitivity of the exten-
der. This can be done by using the interaction force as an
input to the extender closed control loop as shown in Fig.
7. The interaction force is measured, then properly modi-
fied by compensator H,. At this point, there is no restric-
tion on the structure and size of H,. The output of the
compensator is used as an extender input command, u,.
Designers do not have complete freedom in choosing the
structure and magnitude of H; since the closed-loop sys-
tem must remain stable for any chosen value of H.
Compensator H, is also chosen to generate extender com-
pliancy in response to the forces on the extender endpoint
[11], [12]. In the next section, the role of H, and H, in the
performance of the extender is described.

VII. PERFORMANCE

This section addresses the following question: What
dynamic behavior should the extender have in performing
a task? The resulting performance specification does not
assure the stability of the system in Fig. 7 but does let
designers express what they wish to have happen during a
maneuver if instability does not occur. (Sections VIII and
IX show that designers must accept a trade-off between
performance and closed-loop stability.) The following ex-
ample describes a performance specification for the exten-
der.

Suppose the extender is employed to manipulate an
object through a completely arbitrary trajectory.!’ It is
reasonable to ask for an extender dynamic behavior where
the human feels the scaled-down values of the forces on
the extender: that is, the human has a natural sensation of
the forces required to maneuver the load. In other words,

"For clarity in understanding the concept of performance, it is as-
sumed that f,,, on the object is zero. The cquations derived in this section
can be extended to cases where fi, is not zero.
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the human would feel the scaled-down values of the accel-
eration, centrifugal, coriolis, and gravitational forces asso-
ciated with an arbitrary maneuver. This example calls for
masking the dynamic behavior of the extender, human,
and load via the design of H; and H, such that a desired
relationship is guaranteed between f,, and f,,. Without
any proof, it is stated that only one relationship between
two variables (among three variables f,,. f,,, and y,) is
needed to specify a unique behavior for the extender. Note
that (5) has already established a relationship between f,,
and y, via E, when f_, =0. If one relationship between
f., and f,, is specified, then other relationships (for exam-
ple, one between f,, and y,) cannot be specified. This is
true because substituting for f,, from (5) into the specified
relationship between f,, and f,, results in a relationship
between y, and f,,. Therefore the objective is to choose
H, and H, so that one relationship can be established
between f,, and f,, or between f,, and y,. The following
equations are suggested as the two target relationships:

Jon=P(fon) (7)
Jon=R(¥.). (8)

P(.) and R(.) are arbitrary nonlinear target dynamics. The
first equation, which is the most natural design specifica-
tion for extenders, allows the designers to specify a rela-
tionship between the forces f,, and f,,. The second rela-
tionship establishes an impedance for the extender. The
following describes two design examples in which one of
the design specifications ((7) or (8)) is of interest.

A. Shaping the Force

Suppose the purpose is to guarantee a relationship be-
tween the forces f,, and f,, (as in (7)). A trajectory
controller can be designed so that a,,, and a,, are small
gains and E, creates an approximately unity gain from u,
to y,. This can be achieved by implementing a position
controller that creates a large open-loop gain in the exten-
der itself. For example, if several integrators are used in
the extender primary controller, then a, and a, are
small, which results in small extender response to f,, and
f.n- The governing dynamic equation when the primary
controller is insensitive to f,, and f,, is

Ye= Hy(fo)+ Hy( f.). (9)

H, and H, are chosen as
H1( feh) = 2En_1(_ P_l( feh)) (10)
Hy(fon) == E; (L) (11)

E;Y(—f,,) is the solution of the environment dynamic
equation for a given — f, ; y, must be calculated from (5)
for any given — f,,. Substituting H, and H, ((10) and
(11)) into (9) results in

Vo= — E;N = fo) +2E; (= P7N( f)).
E; Y~ f,,). then ,
E;N—=1n) == E;N= L) +2E; (= PN ) (13)

(12)

Since y, =

and, consequently

fen=P(fen)- (14)

In an example illustrating the preceding case, an ex-
tender is used to hold a jackhammer. The objective is to
decrease and filter the force transferred to the human arm
so the human feels only the low-frequency force compo-
nents. This require sthat f,, = — aM(s)f,, where, prefer-
ably, M(s) is a diagonal matrix with low-pass filter trans-
fer functions as members. « is a scalar smaller than unity
and represents the force reduction. Choosing
P(s)= — aM(s), the required forms of H, and H, are as
follows:

(15)

Hy(fen) = = E7 (= fon)- (16)

Substituting H, and H, from (15) and (16) into (9) results
in f,,=—aM(s)f,, The preceding method calls for the
class of P functions that are exactly invertible or at least
can be inverted approximately. For example, if M(s) is
chosen as a first-order filter, then M~(s) in (15) can be
realized for a bounded frequency range.

() =2E7 M) |

B. Shaping the Impedance

Suppose the purpose is to guarantee a relationship be-
tween the forces f,, and y, (8) without any regard to the
relationship between f,, and f,,. Again, a trajectory con-
troller can be designed so that a,, and a, have very
small gains and E,_ creates an approximate unity gain from
u, to y,. Therefore (9) governs the dynamic behavior of the
system. Suppose H; and H, are chosen such that

le(feh) =2R7'(f.4) (17)

HZ(fen)=~E;1(_fen)' (18)

Substituting H, and H, from (17) and (18) into (9) results
in

Ve= = E; N fon) #2R7N(fu)- (19)
Since y, = E; (- £.,), then (19) results in
Ye= RN fon)- (20)

Equation (20) guarantees that the target impedance in (8)
has been achieved.

In an example for this case, the goal is to feel the forces
resulting from maneuvering a point mass when maneuver-
ing a rigid body. This behavior requires masking the
cross-coupled forces associated with rigid body maneuvers.
This behavior is characterized by f,, = D(s) y,, where D(s)
is a diagonal matrix with second-order functions as mem-
bers and s is the Laplace operator. For a two-dimensional
maneuver, D(s) is shown in (21), where m; and m, are
chosen to be the “apparent masses” in two directions:

mys? 0
D(s)=( 0 m2s2). (21)
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Equation (21) guarantees a natural sensation of the forces
used to maneuver a point mass. Choosing H,(s) = 2D 1(s)
and H,(f,,) = — E;(— f.,). and substituting them in (9).
results in f,, = D(s)y,.

VIII. CLoSED-LOOP STABILITY

A sufficient condition for stability of the closed-loop
system of Fig. 7 is developed by the small gain theorem.
This sufficient condition results in a class of compensators
which guarantee the stability of the closed-loop system in
Fig. 7. Note that the stability condition derived in this
section does not give any indication of system perfor-
mance, but only ensures a stable system. This stability
condition also clarifies the trade-off between performance
and closed-loop stability. (See [21] to understand the math-
ematical notation used in this analysis.) Suppose H, and

H, are chosen as nonlinear operators such that
H, H, L3 — L3, and
WHy(fon, ) 2 < @l fen, 7ll2 + Brn (22)
||H2(fen,r)“2 <aH2”fen‘T”2+lBH2 (23)

where a,, ay,. By, and By, are positive constants. Since
u,=H(for)+ Hy( Lon):

e lly < el fon, 7ll2 + ol fen, 7l + Buy1 + Bua- (24)

Substituting || fup. rllz: I fon7ll2: lltte,7llo from inequalities
(4). (6). and (24) into inequality (2) results in inequality
(25) for |l yell2:

Iyl < (afehash +ap,op, ta,aag,t 0@ pa Q)
Nyellz + (e + epen) gl
(@, + ap) I feull
+(ap, + a0y Bron t{@pen + @ ®p12) Bron
+ (B + Buz) + Bye- (25)

Employing the small gain theorem, the closed-loop system
of Fig. 7 is L, stable if

Qpoplisy + Q@ T 0 A Osy T Al E, <1. (26)

Inequality (26) expresses the stability condition of the
closed-loop system in Fig. 7. By inspection of inequality
(26), it can be observed that the smaller are H; and H,,
the larger is the stability range. To illustrate the trade-off
between stability and performance, a simple case is consid-
ered where a high gain positioning system is designed as
the primary compensator such that «,, and a, are
rather small. The stability condition for small a,, and
ag,, reduces to

(27)

Qg + &, 00, <1

H, and H, represent the performance of the system. For
example, when a larger H, is chosen for (15) (by choosing
a smaller a), a larger torque amplification can be achieved.
Designers, however, may not freely select H,: inequality
(27) must also be guaranteed. If a, is chosen to be zero,

the stability condition applies to free maneuvers when the
robot is not in contact with any object:

o, amag, <1 (28)

Inequality (28) states that guaranteeing stability of the
closed-loop system requires some initial compliancy in the
human arm. If the human hand has a large sensitivity to
position disturbances (i.e., it rejects position disturbances
by moving very quickly), then the system stability can be
guaranteed by a small H,. Large S, implies a stiff human
arm and, theoretically, as ag, — oo, the stability of the
closed-loop system can no longer be guaranteed. More
trade-offs between performance and stability are described
in Section IX.

IX. CLOSED-LOOP STABILITY (LINEAR ANALYSIS)

Using transfer function matrices, the linear dynamic
behavior of the extender, human, and environment can be
described by (29), (30), and (31):

Ve=G(8)u,+ S () fon+ Sen(s) fen  (29)
fen(8) == E(8) Yo+ fexe (30)
forn=—Su(s) y.+u, (31)

where G, represents the closed-loop transfer function for
the extender and S,, and S,, represent the extender sensi-
tivity transfer functions in response to forces f,, and f,,.
Using the multivariable Nyquist theorem, inequality (32)
can be used for the stability analysis [8], [13]:

omax( GeHISh + GeH2En) < 0m.in( I+ SehSh + SenEn)
(32)

If a high gain positioning system is designed as the pri-
mary compensator for the extender, then S, and S, are
rather small, and the stability condition reduces to

Opax( G, H S, + G H,E,) <1 forall w € (0,00). (33)

for all w € (0,00).

Inequality (33) is similar to inequality (27). For a single-
degree-of-freedom extender, the stability condition of (32)
reduces to
|GeHlSh + GeH2Enl < |1 + Sehsh + SenEnl
for all w € (0,00). (34)
If H, is chosen to be zero, then
1 1

H<—|S,+—+
| 1‘ |Ge| eh Sh S},

en™n

for all w € (0,0).

(35)

If the extender is not in contact with any load (£, = 0), the
stability condition reduces to

1
Sen + =

H ——1
<
{Hy| S,

for all we (0,00).
|Gl

(36)

Inequality (36) states that, to guarantee the stability of the
closed-loop system, there must be some initial compliancy
in either the human arm, 1/§,. or the extender primary
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control system. S,,. Loosely speaking, S, represents the
human hand stiffness. The system stability cannot be
guaranteed if §,, is very small (i.e., a stiff extender) and
the human hand has infinite sensitivity to position distur-
bances (i.e., the human hand has a very large S, and it
does not reject position disturbances by moving very
quickly). Inequality (36) also shows that the system has a
smaller stability range when no load is in contact with the
extender. Therefore, if the extender is stable without any
load., it is also stable for all possible values of the environ-
ment dynamics.

According to the results of Section VII, the performance
of the extender is determined by the chosen values of H,.
The larger H, is chosen to be, the smaller the ratio of f,,
to f,, 1s. Loosely speaking, large H, allows the human to
manipulate large objects or to impose large forces onto the
environment. On the other hand, the stability conditions
given above require small values for H, to guarantee the
stability of the system. This trade-off between stability and
performance is illustrated experimentally in the next sec-
tions.

X. EXPERIMENTAL ANALYSIS

A single-degree-of-freedom extender (Fig. 8) is used to
verify experimentally the theoretical predictions for exten-
der stability and performance. This experimental extender
consists of an outer tube and an inner tube (Fig. 4(a)). The
human arm, wrapped in a cylinder of rubber for a snug fit,
is located in the inner tube. A piezoelectric load cell,
placed between these tubes, measures the interaction force
between the human arm and the extender, f,,. Another
piezoelectric force cell, set between the extender and the
environment, measures the interaction force between the
extender and environment, f,,. A rotary hydraulic actua-
tor, mounted on a solid platform, powers the outer tube of
the extender. The actuator shaft, supported by two bear-
ings, is connected to the outer tube to transfer power. In
addition to the piezoelectric load cells, other sensing de-
vices include a tachometer and an encoder (with a corre-
sponding counter) to measure the angular speed and posi-
tion of the motor shaft. An automobile strut, mounted on
a custom fixture below the extender, is the experimental
environment. An IBM/AT computer is used for data
acquisition and control. Based on the information from
these sensors, a control algorithm calculates a command
signal, which is sent to the extender servo controller board
via a digital-to-analog (D /A) converter.

Fig. 9 shows a position controller as the primary stabiliz-
ing controller for the extender. The closed-loop position
controller, G, (s), from u, to the extender position y,, is
governed by position and velocity feedback gains. G,(s)
and G,(s) are the transfer functions of the open-loop
extender that show how the extender responds to the input
current, i, and the forces, f,, and f,,. The moment arm
/.. representing the effect of the human force, is about
one-third of ,,,. The servo-controller board, with a gain of
K,. outputs a current proportional to the command volt-

Fig. &

Experimental extender.

age, resulting in a displacement of the servovalve spool.
The extender velocity is measured for feedback by a
tachometer with a gain of K, and is fed to the computer by
an analog-to-digital convertor with a gain of K, The
extender position is measured by an encoder via a parallel
1/0 board with a gain of K;,. The precompensator K, is
used as a constant gain to change the input units. K, and
K, are position and velocity gains and K, is the digital-
to-analog convertor gain.

Equations (37) and (38) are the experimentally verified
transfer functions for G, and G,. Appendix A describes
their detailed theoretical and experimental derivations:
¥ 355

e

G =25
LA s? s
sl —— +1
1560.25 43.89

rad /A (37)

- +1
23.6

52 N

Sl————+—+
1560.25  43.89

G,=135%x10"" rad/(1bf-in).

|
(38)

Using K, =0.94 and K, = 0.00977 yields the widest band-
width for the closed-loop transfer function, G,, and guar-
antees the stability of the system in the presence of bounded
unmodeled dynamics in the extender [9]. From Fig. 9, an
expression for G, is derived in (39). Fig. 10 depicts the
theoretical and experimental values for the Bode plot of

) 1
Ge:£= 3 > rad/rad. (39)
u, s s
+ + +1
18860  530.52 11.83
S.. 1s defined as the sensitivity of the extender position y,

to /,, applied at a moment arm of /,,=3". S,, is defined
as the sensitivity of the extender position to f,, applied at
a moment arm of /,, =1'. By inspecting the block diagram
of Fig. 9 and substituting the parameter values, S,, can be
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Fig. 9. Block diagram of closed-loop position controller, t.
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Fig. 10. Experimental and theoretical Bode plot of G,. Extender
closed-loop position has bandwidth of about 10 rad/s.

found as follows:

Ve
Sen =5
fen
— +1
3.6
= 0.00004 — > rad/Ibf.
) s N 1
+ + +
18860 = 530.52  11.83
(40)

Since the human arm force affects the extender about
three times less than the environment force, S,, is about

achometer gain: K, =0.169 V /(rad/s); servo-controller board
=10 V/2048; analog-to-digital convertor: K, = 2048/1.25 V;

three times less than S,

leh
S.,=—3S
eh [e" en
—3 ; +1
=1.34x10"°— > rad/Ibf.
A A A
+ + +1
18860 530.52 11.83
(41)
XI. ENVIRONMENT DYNAMIC ANALYSIS

An automobile strut, mounted on a custom fixture be-
low the extender, is the experimental environment
(Fig. 4(a)). This environment can be modeled as a linear
spring and damper system, where inertial effects of the
strut are negligible compared to the spring and damping
effects. The environmental stiffness and damping are mea-
sured to be 2050 Ibf/rad and 200 Ibf/(rad/s), where
radians represent the angular displacement of the motor
shaft. A dynamic value for E, is given in (42), where the
bandwidth of 10 rad/s can be observed:

E, = 200s +2050 Ibf/rad. (42)

XII. HUMAN-ARM DYNAMIC ANALYSIS

The model derived here does not represent human arm
sensitivity, S,,. for all configurations; it is only an approxi-
mate and experimentally verified model of the author’s
elbow in the neighborhood of the Fig. 4(a) configuration.
The extender motion y,, in the case of this prototype, is a
rotating motion about the elbow joint. If the human elbow
behaves linearly in the neighborhood of the horizontal
position, S, is the human arm impedance. For the experi-
ment, the author’s elbow was placed in the extender, and
the extender was commanded to oscillate via sinusoidal
functions. At each frequency of the extender oscillation,
the operator tried to move his hand and follow the exten-
der so that zero contact force was created between his
hand and the extender. Since the human arm cannot keep
up with the high-frequency motion of the extender when
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Fig. 11.  Experimental and theoretical plot of S,.

trying to create zero contact forces, large contact forces
and, consequently, a large S, are expected at high frequen-
cies. Since this force is equal to the product of the extender
acceleration and human arm inertia (Newton's Second
Law), at least a second-order transfer function is expected
for S, at high frequencies. On the other hand, at low
frequencies (in particular at dc), since the operator can
comfortably follow the extender motion, he can always
establish almost zero contact forces between his hand and
the extender. This leads to the assumption of a free deriva-
tive transfer function for S, at low frequencies, where
contact forces are small for all values of extender position.
Based on several experiments at various frequencies, the
best estimate for the author’s hand sensitivity is presented
by (43):

S,=0.143 52+ 5 Ibf/rad. (43)
Since at low frequencies, particularly at dc, the human can
usually create zero-contact forces, (43) does not contain
any nonzero dc gain. Fig. 11 shows the experimental values
and fitted transfer function for the human-hand dynamic
behavior.

XIII. EXPERIMENTAL VERIFICATION OF STABILITY

AND PERFORMANCE

The design objective is to decrease the force transferred
to the human arm so the human feels the scaled-down
values of the force imposed by the environment. This
requires that f,, = — af,, where a is a scalar smaller than
unity and represents the reduction of the force transmitted
to the human arm. Using (15) and (16), H, and H, can be
written as

2
H = 44
T (44)
H ! 45
R (45)

Substituting G, and E, from (39) and (42) into (44) and
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Fig. 12, Inequality (34) (stability condition) is satisfied for a > 0.143.

(45) gives H, and H,:

3 2

s s s
P + + +1
g - 218860 53052 11.83 (46)
1 a (200s +2050)
33 S2 s
18860 © 53052 1183
H,= - ' (47)

(2005 +2050)

Equations (46) and (47) are improper transfer functions.
For implementation on the computer, two high-frequency
poles are added to each of the transfer functions of (46)
and (47).!> The above values of H, and H, result in
fen=—af,,. The designer cannot arbitrarily choose a; to
guarantee system stability, a must be chosen to guarantee
inequality (34). However, if a is small (large force amplifi-
cation), inequality (34) is violated at some frequencies, and
no conclusion about stability can be made. Fig. 12, depict-
ing both sides of inequality (34), shows that for guaranteed
stability of the closed-loop system, a must be larger than
0.143.

In the first set of experiments, « is chosen to be 0.5 to
satisfy inequality (34), and it is shown that the closed-loop
system is stable. The basic procedure for the experiment
consisted of using the prototype extender to push on the
fabricated environment in a series of periodic functions.
The forces f,, and f,, were measured and recorded in
data files. The recorded f,, was used as an input to a
computer simulation encompassing the dynamic behavior
of the extender, human, and environment. Fig. 13 shows
the simulated and experimental values of f,, along with
the recorded value of f,, for three different maneuvers
when « is chosen to be 0.5 (twice force amplification). The
experimental data and theoretical predictions are in close
agreement. The first two plots are obtained using a low-
frequency human arm motion. This demonstrates the lin-
earity between the input f,, and the output f,,. Note that

211, and /1, are divided by the force sensor and the A/D convertor
gains,
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the output force f,, is consistently twice the input force
f.n- The second set of experiments was conducted with
«=0.03, where the system exhibits instability in the form
of oscillations (Fig. 14). Inspection of Fig. 12 shows that
the choice of a = 0.03 violates inequality (34). The trade-off
between performance and stability can be observed here:
the better the required performance (larger force amplifi-
cation in this experiment), the narrower is the stability
range. Since inequality (34) is only a sufficient condition
for stability, violation of this condition does not lead to
any conclusion. Fig. 15 shows the experimental and simu-
lated contact forces when a=0.1 (force amplified by a
factor of 10). The system is stable and f,, is consistently
ten times larger than the force £,,, but the stability condi-
tion is not satisfied.
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XIV. ConcLusiON

This paper discusses constrained motion in a class of
human-controlled robotic manipulators called extenders.
Extenders amplify the strength of the human operator
while utilizing the intelligence of the operator to sponta-
neously generate the command signal to the system. A
single-degree-of-freedom extender has been built for theo-
retical and experimental verification of the extender dy-
namics and control. System performance is defined as
amplification of human force. It is shown that the greater
the required amplification, the smaller is the stability range
of the system. A condition for stability of the closed-loop
system (extender, human and environment) is derived, and
through both simulation and experimentation, the suffi-
ciency of this condition is demonstrated.

APPENDIX A

Fig. 16 shows the internal block diagram of the open-
loop extender. The current, i, is the command input to the
hydraulic servovalve which allows the flow of hydraulic
fluid to the rotary actuator. f,, and f,, are the forces

imposed on the extender by the human and by the envi-
ronment.

The dynamics of the hydraulic servovalve and rotary
actuator system are described by equations (48), (49), and
(A3) [15]:

Q,=K,i— K,P,  valve equation (48)
dy, v, dP, . o _ 4

= + tinuit t
0, a g ow continuity equation (49)

2

PD,+ fol+ funlon=J Newton’s Law (50)

dr?
where f,,. {,,. f.;» and /,, are defined in Fig. 4(a), and the
other parameters are as follows:

O, . load flow, in’/s,

K, flow gain, (in%/s)/A,

i current to drive servovalve, A,

K, pressure gain, in®/(s 1bf),

P, load pressure, psi,

Y. angular position of the extender, rad,

D,, actuator volumetric displacement, 7.62 in’/rad,
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J  outer tube moment of inertia, 38.8 in-1bf-s2,
B. hydraulic fluid modulus of elasticity, 100000 psi.

V, total contained volume in actuator, 13.3 in’.

Eliminating P, and Q, from (48)-(50) gives (A4), a
transfer function for the angular position of the open-loop
extender, y,:

(51)

Ye = Gpi + Gdfen’en + Gdfehleh

where
G K, i
- D, [s* 20s )
st — + +1
wf wﬂ
Vs
WK +1
K K
G,=—2 and
4 p? (s 2
sl —3 + +1
w2 w,
48, K B.J
w,=D, . ¢== -
v b,V ¥

By fitting G, into an experimentally derived Bode plot
(Fig. 17), the following parameters are derived:

=355 (rad/s) /A,

S|

w,=39.5rad/s,
$, =045,

Using the preceding data, G, is given by (52):
G - 355
? 52 s
s( m + 2380 + 1)
K,/D? was determined to be 1351077 (rad/s)/

(Ibf-in). Using the values stated for V,, B8,, and D,, the
numerical value for G, is given by (53):

rad/A. (52)

N
—+1
23.6

2

G,=135%x10"" rad/(Ibf-in).

S|t +1
1560.25 ~ 43.89
(53)
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