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SUMMARY

This paper describes a method and an experimental system permit-
ting a severely handicapped operator, such as a quadriplegic, to con-
trol a telemanipulator. These developments form the first phase in
the design of the Spartacus “telethesis”. This is a manipulator system
specifically developed for a quadriplegic person.

Manipulator control experiments which are discussed concern four
quadriplegics who have used the experimental system for significant
periods of time. The present system is a laboratory simulation of a
telethesis, consisting of an industrial manipulator controlled by a
mini-computer. A flexible semi-sequential control and a variety of
transducers permit the system to be adapted to the individual user.

* This topic was presented at the First International Conference on Telemanipula-
tions for the Physically Handicapped, Rocquencourt, France, Sept. 4-6, 1978. A
paper entitled “The Spartacus Telethesis: Manipular Control and Experimentation™
was published in the proceedings of the September 1978 Conference. The Proceed-
ings may be purchased at 90 francs from: Centre de Diffusion, IL.R.ILA., B.P. 105,
78150 Le Chesnay, France.

The paper presented here is an updated (July 10, 1979) and expanded version, not
to be considered a reprint.
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Thus far, the experiments performed have shown the feasibility for
the four quadriplegics to effectively control a telemanipulator, using
head movements and some remaining arm movements in various
modes of end-point control. In particular, a position control and a
“piloting” type of velocity control, both with the addition of some
force limitation, have given promising results.

INTRODUCTION

Within the framework of a nationwide robotics program, IRIA
launched in 1975 the Spartacus Pilot Project, which aims at the de-
velopment of a prototype telemanipulator controllable by quadri-
plegics due to spinalcord injury and other severe disabilities. The
duration of this project is limited to about 5 years. Some twenty re-
search and development groups are or have been involved in various
technical aspects of the project. Several clinical teams are participat-
ing, both in the definition of patient needs and in providing selected
subjects for collaboration in our laboratory experiments.

For the class of telemanipulator systems for the physically hand-
icapped which neither replace a missing limb (like a prosthesis) nor
assist a paralyzed limb (like an orthosis) but are instead tools not
attached to the operator’s body, we have adopted the name “tele-
thesis”.

The design objectives have been established in close collaboration
with the various teams involved, and have been further elaborated in
discussions with potential users. The different compromises neces-
sary between functional requirements, available technology, budget-
ary considerations, and the necessity to realize a prototype within 4
years have resulted in the following specifications (Guittet, 1976):

1. The telethesis should have an operating range covering a work-
ing table and shelves around it, and it should also be able to reach
objects fallen on the floor. This corresponds with the operating range
of the seated human operator, mainly using arm and trunk move-
ments, but occasionally standing up to reach for objects just beyond
his seated reach.

2. The terminal device should be able to move at velocities of up to
0.5 m/sec — but not much more, in order to assure operator safety.

3. The telethesis should require as few adaptions of the environ-
ment as possible for its effective use and it should replace some of the
special-purpose devices like page turners, feeders, environmental
control systems, etc. The control of the telethesis should be adaptable
to different physically handicapped operators, permitting them to
utilize any remaining function either to operate a control or use it
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independently. This should permit each user to have a control struc-
ture optimally adapted to his needs and his possibilities.

4. The control of the movements of the manipulator should be
effectuated in a way optimally adapted to the human operator, and
end-point control of terminal device movements in an appropriate
coordinate system seems indicated.

5. Where necessary, the operator’s task should be facilitated by
automatic procedures (“reflexes”) which in some way mimic similar
semi-automatic mechanisms assisting the unimpaired person. Of
course, the operator should at any tinie be able to override an automa-
tic action and resume full command.

The availability of and the fast developments in microcomputer
techniques render these objectives realistic in terms of the price of an
ultimate product, and industrial interest in more sophisticated au-
tomatic subsystems further justifies the efforts invested in these de-
velopments.

1t should be noted that the control structure for a telethesis must be
more performant than the one required, for example, by an arm
prosthesis that is mechanically attached to the operator’s body. Those
who have watched an amputee use a harness-mounted arm prosthesis
will have noted that fine movements of the terminal device are con-
trolled by trunk movements rather than by controlling the articula-
tions of the prosthesis. This mode of operation is not available to the
telethesis operator, who must control all movements of the terminal
device exclusively by remotely controlling the movements of the pow-
ered articulations of the telemanipulator. Furthermore, high-level
bilateral amputees using arm prostheses with several powered articu-
lations usually have to invest a considerable amount of effort in coor-
dinating the movements of the various articulations. Several labor-
atories are presently developing microcomputer-based systems to
facilitate the control of these prostheses, and such an approach is even
more important for the control of a telethesis.

The present paper reports our studies to define a control proce-
dure adapted to quadriplegic subjects, using a laboratory simulation
of a telethesis. For this simulation we have used a commercial tele-
manipulator employed in nuclear research, controlled by a minicom-
puter and various prototypes of control transducers.

The choice for a fixed workstation, rather than a manipulator car-
ried on an electric wheelchair, has been made because the latter
would impose severe restrictions on manipulator geometry, weight,
and volume, thereby limiting the performance that could be obtained.
A prototype telemanipulator, using the same technology as the nu-
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clear research model presently used but satisfying the design objec-
tives as stated above, is presently in the final stage of construction
(Vertut, 1978). In several respects the system has become similar to
the one developed in Heidelberg (Paeslack and Roesler, 1975;
Roesler et al., 1978) with which it has in common that it consists of an
autonomous articulated manipulator mounted on a support that in-
cludes all the electronics necessary for its control. It is different, how-
ever, in manipulator specifications and the control conflguranons
implemented. Its mechanical configuration is illustrated in Figure 1.

GENERAL ORGANIZATION OF THE TELEMANIPULATOR SYSTEM

The overall organization of the man-machine system is schemati-
cally represented in Figure 2. The purpose of the “machine” is to use
the quadriplegic’s remaining means of communication, of whatever
nature, to restore some of his lost capability to intervene in his physi-
cal environment through the use of some kind of mechanical man-
ipulator. In this case the mechanical system is an articulated arm with
six degrees of freedom, plus one for opening and closing of the grip-
pers. Various elements have been added between the operator and
the mechanical system to facilitate man-machine communication.

On the operator side, a number of control transducers (which may
be selected specifically in order to adapt to a particular person) form
the interface between him and the rest of the system. Some experi-
mental transducers will be described later.

Between the control transducers and the mechanical arm, the in-
formation processing system is interposed, represented by the “de-
coding” and “movement coordination” blocks (Fig. 2). On the manip-
ulator side, the movement coordination routine has, as one of its
functions, to effectuate a coordinate transformation (Liegeois and
Coiffet, 1975; Metayer and Yclon, 1977). The coordinate trans-
former has as its inputs “gripper position” in Cartesian coordinates
and “gripper orientation” expressed in “yaw” (about a vertical axis),
pitch (about a horizontal axis) and roll (about its own axis) (Fig. 3). Its
outputs are calculated manipulator motor positions necessary to ob-
tain the joint angles that place the grippers in the specified position
and orientation. The coordinate transformer is specific for the
mechanical system used, but since its input does not depend on ma-
nipulator configuration, the rest of the system may be used with any
mechanical system with its corresponding coordinate transformer.
The only condition is that the mechanical system must be able to
position and to orient the gripper according to the six degrees of
freedom which have been mentioned.
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e Y

FIGURE 1. — Prototype of the autonomous Spartacus telethesis.

Terminal device movements may also be controlled in other coor-
dinate systems than the one mentioned above. In that case another
coordinate transformer, independent of the mechanical configura-
tion, may be added to precede the first one: this allows one to select
different coordinate systems, dependent only on functional criteria
relating to subject and task characteristic (Kwee, 1976). Thus, control



Bulletin of Prosthetics Research — Fall 1979

VISUAL
/ FEEDBACK ™
HUMAN __ SENSORY
OPERATOR T FEEDBACK '\
\ V CONTROL
DISPLAY
CONTROL
TRANSDUCERS
DECODING I
‘ A A
"REFLEXES"
MOVEMENT
COORDINATION .
ARTICULATED -
MANIPULATOR
o | ENVIRONMENTAL
1 - TRANSDUCERS
ENVIRONMENT ~

FIGURE 2. — Diagram of the general organization of the
Spartacus Manipulator System.

in polar, cylindrical, various terminal-device-related coordinates (or a
mixture of them) may be implemented.

The “decoding” section of Figure 2 has as its task the treatment,
routing, and interpretation of the biological control signals in order to
provide the proper command signals for the movement coordination
section. Signal treatment includes the possibility of using a signal (2)
proportionally (either as a position command or, after integration, as
a velocity command); the possibility of using it (i7) in a discrete way
with selectable timing and level-crossing characteristics; or of using it
(i5i) in both ways in a mixed mode. It is this decoding section that
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%

FIGURE 3. — Definition of control coordinates used as referenced to the gripper
“wrist” joint.

provides much of the flexibility of the system, giving it the modularity
to accept a variety of transducers in different numbers, and to adapt
control language and system parameters to individual users. The def-
inition of a specific configuration of the system is accomplished by
preprogramming, using a high-level interactive procedure on a
minicomputer to specify the sequence of modes, transducers used,
gain factors, thresholds, etc. This configuration may then be stored
for later use. In the microprocessor version, each user may have his
own plug-in preprogrammed memory element, specifying his par-
ticular configuration. This allows the system to be shared by different
users, or to adapt to changes in user needs due to his changing physi-
cal condition, or to improved dexterity following training, or to new
activities. The actual procedure of man-machine communication is
described in the next section,

Reflexes

As mentioned in the introduction, various “reflexes” may be added
in order to facilitate the manipulation task. Essentially, these reflexes
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are automatic procedures that modify or control manipulator move-
ments in response to its interaction with its physical environment. In
Figure 2, this interaction is measured by various environmental
transducers, and in some way fed back to the movement coordination
procedure.

Soft Touch Reflex

A first reflex that has been incorporated is the “soft touch”, which
automatically limits downward pressures exerted by the terminal de-
vice in a controllable way. Functionally, its effect is that the position of
the terminal device is controlled by the operator until it meets a resis-
tance in its downward movement. Then the downward action behaves
in a spring-like manner, permitting the operator to control force
rather than position. This soft touch limits forces exerted on objects
or the working surface, but it allows tracking of surfaces while con-
tmually maintaining contact with them. This latter feature is neces-
sary in such tasks as drawing, writing, or dlalmg a number on a
standard dial telephone, and it generally aids in reducing the con-
sequences of control errors.

If a manipulator driven by torque motors and reversible transmis-
sions is used, as is the case in our application, such a soft touch can be
easily implemented by simple analog circuitry without requiring addi-
tional force transducers, by using the motor currents as a measure of
the torques exerted (Kwee, 1978).

Holding Reflex

A second reflex being studied for implementation is a form of
“holding reflex” that automatically adjusts the gripping force of the
terminal device in order to avoid slippage of an object held (Clot et al.,
1975). Iis difference from similar systems reported before is the use
of a specially developed semiconductive rubber “artificial skin” type
of sensor to detect both slippage and gripping force. The measure of
gripping force is necessary to compensate for the tendency to an
unlimited augmentation of that force due to small perturbations, as
studied by Clot et al.

Grasping Reflex

A third reflex under development is that of automatic grasping of
an object once the gripper has been roughly positioned in the object’s
neighborhood. One system studied, which uses reflected infrared
beam detectors on the gripper, then guides the gripper to grasp the
object toward which it is aimed (Catros et al.,, 1978 a,b). Another
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system makes use of ultrasound emitters and receivers on the grip-
per to detect the location of the object and guide the gripper (Clot et
al., 1977).

Thus far, only the soft touch has been used as a reflex in medical
applications; the ultimate usefulness of the two others remains to be
studied in medical applications. Reliability and cost considerations
will further influence the decision about this implementation in the
final system.

Finally, feedback to the operator may be added, both to inform him
about the state of the decoder that defines the interpretation of his
analog signals, and to supplement his visual perception of terminal-
device movement with some information about forces exerted. In
particular, information about gripping force and vertical forces may
be helpful to the operator and a study on this subject is under way.

MAN-MACHINE COMMUNICATION

In order to realize manipulator end-point control, the operator
must control the value of seven variables corresponding to seven
degrees of freedom: six to define terminal-device position and orien-
tation, and one to control opening and closing of the grippers.
However, few quadriplegics can generate seven independently con-
trollable signals to command these variables, and indeed, even if they
were available, few operators would be able to control them simul-
taneously — or would even accept the burden of trying to do so for
prolonged periods of time. Therefore, a partially-sequential control
strategy must be adopted (Kwee, 1976, Quetin, 1976). In such a
strategy, different groups of degrees-of-freedom are successively con-
trolled by the same signals in successive “phases” of the composite
movement. Thus, each phase is characterized by a specific routing of
the control signals, allocating each of them to one of the degrees of
freedom, while keeping the values for the non-allocated degrees of
freedom constant in a buffer memory. From here on, the coordinate
transformer takes care of controlling the joint motors in such a way as
to make the terminal-device coordinates correspond with the
operator-specified values.

It should be noted that, if one defines gripper orientation with
respect to absolute coordinates in space, this approach has as a con-
sequence that gripper displacements are effectuated with the
stabilized orientation in space if the operator does not modify it ac-
tively. This possibility to independently control gripper position and
orientation greatly simplifies many manipulation tasks.

Initial experiments, carried on before a computer was installed, for
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technical reasons used a position control of the manipulator, using
head and shoulder movements as inputs (Kwee and Guittet, 1977;
Kwee, Parent and Guittet, 1977). The relative ease of this form of
control has led us to retain position control as one of the modes of
operation of the system, thereby influencing the control procedure
selected.

A highly simplified diagram illustrating different aspects of the
control procedure is shown as an example in Figure 4. The human
operator must be able to emit at least one continuous signal (i.e., a
signal which he can voluntarily vary in a continuous manner between
some minimum and maximum levels) in order to operate the manip-
ulator. In addition, at least one discrete signal (i.e., an on/off two-
level signal) must be obtainable, if necessary coded within the con-
tinuous signal in the form of short pulses. Such a single-signal control
would necessarily impose an entirely sequential control of the differ-
ent variables. However, more signals can usually be found that are
simultaneously controllable, allowing the control of several degrees of
freedom in parallel. In Figure 4, it is assumed that three continuous
signals are available in addition to two discrete signals.

The discrete signals are used to select the way in which the continu-
ous signals are used, to specify certain system parameters (e.g. gain),
or to call for and interact with some automatic procedure. Only the
first function is illustrated in Figure 4 by the cluich control and phase-
selection signals. The clutch function permits the operator to couple or
uncouple his continuous signals to or from the manipulator control.
A zero-reset function associated with the coupling routine assures that
upon coupling in the position-control mode, control is resumed at the
current terminal-device position without a transient jump-—or when
coupling in the velocity control mode, assures that the current values
of the control signals are taken as zero velocity. In all cases, uncou-
pling causes all movements to stop. In the position-control mode, the
clutch function is used to reposition the control signals with respect to
the movements controlled in order to shift the operating range in
the coupled state. Thus successive displacements, each followed by
repositioning of the control in the uncoupled state, permit the
operator to cover large displacements by a “pumping” or “ratchet”
type of action.

The phase-selection signal (Fig. 4) permits the operator to use his
continuous signals in three different ways: (i) position control of the
grippers in Cartesian coordinates, (i) position control of gripper yaw,
pitch and roll (Fig. 3) and (7ii) position control of yaw and pitch with
velocity control of the displacement of the gripper in the direction of
its own axis. The first two phases control terminal-device movements
in the coordinate system, as earlier defined, for the basic coordinate
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FIGURE 4. — Functional diagram of a control strategy
with selection of three phases.
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transformer. At any time no more than three variables are controlled
by the operator and the others are held constant at their last values.
Thus, displacements in the first phase take place with a constant
orientation of the terminal device.

The third phase combines position control of gripper orientation
about the “wrist” joint with the control of its velocity in the direction
of the gripper axis, either in forward or backward direction. This
piloting mode is somewhat similar to Whitney’s “resolved motion
rate control” (Whitney, 1969) but with the control of gripper orienta-
tion effectuated about a vertical axis and a horizontal axis at the wrist
Jjoint rather than axes referenced to the gripper. In this mode the
operator “flies” the terminal device like an airplane with remote con-
trol: this mode is particularly useful to cover long distances and to
grasp or release objects. In addition, small rotations may be used to
effectuate fine displacements.

These three phases together form an example of a control config-
uration. Generally, we call a configuration any set of phases sequentially
selectable by the operator either in a cyclic fashion with a single direct
command, or with more complicated coded commands permitting
more rapid selective transitions. '

In the above example, three continuous signals were available for
control purposes. If fewer signals are available, a configuration has to
be used with more phases, with each of them controlling only two, or
even one, degree of freedom. Furthermore, in a practical configura-
tion some redundancy is often useful, combining the various degrees
of freedom in different ways, in different phases, to facilitate specific
manipulation tasks. These combinations, and eventually the automat-
ic routines required, are not always the same for different tasks, and
in order to limit the number of phases within a configuration, a
number of different configurations may be made accessible to the
operator.

Control Phases

Summarized in Table 1 is an example of a more complete config-
uration of five phases that has been used in some of our experiments
with the first two quadriplegic operators C.M. and B.L., both of whom
were able to use three continuous control signals (two from head
movements and one from gross arm moverment; see the section on the
experimental system). Phase I is a position control of terminal-device
position in Cartesian coordinates, using a relatively high gain to cover
an area of about 45 x 35 cm on the working table without “pumping”.
The second phase is the same, but at a low gain to perform fine move-
ments. The third phase is the piloting mode, which may also be used to
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TABLE 1. — Example of @ morve complete strategy used by C.M.

‘ Head movements i the frontal plane
. Head movements in the sagittal plane

.R()llel' transducer coutrolled by gross arm movement

1
Left/right A
. U -

ngh Forward/backward -

gain . » _—
Up/down ‘
Left/right A A

Low S S S . Y D—
Forward/backward
Up/down ‘

Gripper Roll m
T |
Velocity “ .

Open/close | .

control terminal-device yaw and pitch without displacement of the
“wrist” joint (by maintaining a velocity zero). The fourth phase gives
control of terminal-device roll and low-gain displacements in a hori-
zontal plane, which is particularly useful when pouring a drink or in
fine assembly. Gripper opening and closing are controlled in the fifth
phase —here it has been combined with a velocity control in the direc-
tion of the grippers (forward and backward) as in the piloting mode,
but without the possibility to change direction. This is especially use-
ful in the most delicate phases of manipulation involving grasping
and releasing objects without inadvertently knocking them over.
In other configurations, the high-gain and low-gain position con-
trol phases have been combined in one single phase at intermediate
gain in order to reduce the number of phases and speed up their
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selection. However, recently another phase has been added for ex-
perimentation, consisting of a velocity control of movements in a
horizontal plane and position control of vertical displacement. This
phase is intended for long-distance displacements with stabilized
gripper orientation without pumping, while maintaining fine position
control of gripper height above the working surface.

The selection of the configuration used, of the phase within a con-
figuration, and of coupling or uncoupling of the clutch, can be effec-
tuated in many ways and the experimental program allows us to test
many of them. However, in view of the limited number of control
signals available from the quadriplegic, a particularly interesting ap-
proach seems to be one in which a single discrete signal is used both to
control the clutch and to change phases, and is very similar to the one
used in many environmental control systems. The clutch function is
operated by a short pulse, of a duration not exceeding a program-
mable time T, which switches from coupling to uncoupling or the
other way around. In any case, the clutch is always uncoupled while
the signal is “high”. If the signal is maintained for more than the
period T, then the next phase is entered, and another transition of
phase is made after each consecutive period T. Typically, T is as-
signed a value of 400 to 600 milliseconds, depending on the subject
and on the transducer used.

When the signal is arrested, the system remains in the last phase
and may be preprogramed to remain uncoupled, to be coupled, or to
return the clutch to the state in which it was before the transition of
phase. The first possibility is somewhat slower since it requires the
emission of a pulse to couple after the selection of a phase, but avoids
inadvertent gripper movements if the signal is arrested at a wrong
phase. It also encourages the operator to assume a relaxed posture
before resuming control, and at present we use this option with our
quadrivlegic operators. Finally, we propose to change configuration
by entering a special phase within each configuration where the
clutch-control pulse causes a transfer to the corresponding phase in
the next configuration. This latter feature has yet to be the subject of
an experiment.

It should be noted that, in this section, a general outline has been
presented of the approach in man-machine communication. Only
those features used in the present stage of experimentation with
quadriplegics have been discussed in some detail.
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THE EXPERIMENTAL SYSTEM

The Manipulator

As mentioned in the introduction, the objective of the experiments
reported here is to evaluate the feasibility of obtaining effective con-
trol of a telemanipulator by quadriplegics, allowing us to establish the
design criteria for the telethesis.

The experimental system uses a commercial CEA-La Calhene MA
23 articulated manipulator (Vertut et al., 1976), with six degrees of
freedom and equipped with a two-fingered gripper (Fig. 5). The sys-
tem is driven by d.c. torque motors with steel ribbon or cable reversi-
ble transmissions, controlled by analog position servo systems, giving
it a low inertia, a relatively high natural compliance, and a limited
reversible force output. Additional compliance has been incorpo-
rated, by analog circuitry, to provide both the “soft touch” feature
and the control of gripper force once an object limits further closing
of the grippers. The information-processing system has been im-
plemented on a SOLAR 16/65 minicomputer with 48-k memory and
its appropriate interface with the analog system (Metayer and Yclon,
1977). Interconnections are made through a patch panel, preserving
a maximum of modularity and experimental flexibility.

Control Transducers

The man-machine interface has been realized by a number of ex-
perimental control transducers, briefly described as follows:

Head Movements

Many quadriplegics still have good control of head movements if
the trunk is properly stabilized. Two experimental transducers have
been constructed, measuring head movements in the sagittal and
frontal planes (Fig. 6 a, b, and ¢) (Kwee, 1977).

For both transducers , the link with the head is realized by means of
a V-shaped element, either variable in the form of crossed bars, or
with a fixed 90 deg entrance for the parallelogram type transducer.
In both cases they are spring-loaded to maintain contact with the
head. This provides for easy installation on the subject and preserves
the cosmesis of the subject’s frontal appearance. Redesigning of these
laboratory prototypes will, of course, be necessary before their even-
tual practical use.

The same experimental structures include two transducers that
may be used to measure vertical shoulder movement, each of them
consisting of a simple bar clipped to the clothing at the shoulder and
moving a potentiometer at the other end.
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FIGURE 5. — Overall view of the laboratory system with subject B.L. mounting a
tower.

Roller Transducer
A transducer capable of detecting certain remaining arm move-
ments of the subject (Fig. 7) consists of a padded roller attached to a
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FOREWARD LEFY
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FIGURE 6 (a). — Experimental head-movement trans-
ducer, crossed-bar type.

10-turn potentiometer. For position control, this transducer has the
advantage of remaining in place when it is not in use, which allows
one to move progressively in repeated movements without uncou-
pling. It should be noted that the operator can assume control or
release the roller with a minimal risk of inadvertently changing its
position, which is particularly important for the quadriplegic using
his paralyzed and insensitive hand. However, the lack of a spring
return to a zero positon makes it more difficult to use for velocity
control, and a joystick may be preferable for this purpose.

Joystick

A joystick, equipped with an elongated control bar, has actually
been used with two subjects who do not have any functional displace-
ments of the hand to operate a roller but who still are able to move an



Bulletin of Prosthetics Research — Fall 1979

FIGURE 6. (b and ¢)—FExperimental head-movement transducer, parallelogram type:
drawing (b) above, and photograph (c) on an experimental prototype.

elbow in an active abduction movement (Fig. 8). Only one of the two
movements of the joystick has actually been used to capture the elbow
movements.

EMG Signals

On several occasions myoelectric signals have been used, with elec-
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FIGURE 7. - Roller-type transducer with pushbuttons behind it. The rear button
(clutch) is equipped with a spring-loaded bar, making it controllable by gross arm

movements, even during spasms. The separate “phase” button has been eliminated in
later experiments.

trodes located at various sites such as an inconspicuous place behind
the ear, on the bridge of the nose (concealable by means of eyeglas-
ses), and on the forehead (high enough to be hidden by overlying
hair). These myoelectric signals have been used to provide both con-
tinuous signals in the classical way by rectifying and filtering, and
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FIGURE 8. — Subject A.F. pouring a drink.

discrete signals in the form of short pulses that could be recognized as
such by the decoder (Yclon, 1976). In particular, the pulses have been
used to change the direction of the movement controlled, thereby
making it possible to obtain a bidirectional proportional control from
a single myoelectric signal.

Switches

We have also obtained discrete signals by means of large-size
momentary-contact pushbuttons. These buttons, controllable by gross
motions, may be used either in their original commercially-available
form, or modified by adding a spring-loaded bar to further facilitate
control. Both forms are also shown in Figure 7. Mercury switches and
breath-operated pressure switches have also been used occasionally,
but are more troublesome to use.
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Laryngophone

Instead of myoelectric or mechanical signals, we have recently used
a laryngophone placed over the throat of the operator (Fig. 9) and
connected to the inputs of the myoelectric amplifiers. A soft hum-
ming noise is sufficient to obtain reliable discrete control signals. In
addition, it is also possible to obtain proportional signals this way, but
we have not yet tested this possibility in a control task.

The advantage of a laryngophone over EMG electrodes is its ease of
application and its reliability in use. A drawback is that speech triggers
signal output. A special uncoupled phase switching from the laryn-
gophone signal to, e.g., head movement may be necessary to permit
the subject to speak without having control problems.

FIGURE 9. — Control transducers used with J.V. Note the laryngophone attached
arcund the neck and the joystick at the elbow.
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Glottomat

Finally, another system using vocal signals but using an impedance
measurement over the larynx to obtain the signal and a microproces-
sor system for signal analysis is the “glottomat”, developed by André
and Lhote (1978). This system uses a “melodic language”, decoding
successive pitch variations to obtain discrete output signals. The pre-
sent system permits decoding of 16 signals, allowing it to be used for a
random selection of phases, which we have scheduled for future ex-
perimentation.

Display

In order to facilitate the operator’s task in using the clutch function
and the system of sequentially-selectable phases, a simple display in-
forms him about the state of coupling or uncoupling of the clutch and
of the phase selected. In addition, each transition is accompanied by a
short acoustic signal, liberating the operator from the necessity to
observe the display at every transition. The only other form of sen-
sory feedback added thus far is another light display, lighting up
when the soft touch function limits downward motion. Without such a
display, the gripper has a tendency to drop when an object is released
while the soft touch is active.

Safety Aspects

As shown in Figure 5, manipulations are carried out on a working
table of 130 x 75 cm with the operator seated in his wheelchair within
the operating range of the gripper. Angular velocities and maximum
torques have been limited by electronic circuits that cut the power on
the three movements controlling displacement if a preset value is
exceeded. In addition, the operator is protected by a window (best
seen in Figure 10), equipped with microswitches that cut the motor
power when the window is displaced. In the final system, reliability
and hierarchy of electronic and programed safety features will be
such that no window will be required, at least for the trained operator.

Another aspect of operator safety is found in the programed link
between head movements (if used) and corresponding gripper
movements in forward/backward direction with respect to the
operator. Ergonomically, the simplest link is the one in which the
gripper moves in the same direction as the head. However, if contact
is established between the gripper (or a tool held in it) and the head,
an unstable system could result: the head being pushed backwards by
the gripper, thereby making the latter move further towards the
head, etc. Furthermore, a startle reflex, withdrawing the head (or an
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extensor spasm) would make the gripper move towards the head.
These problems can be solved by inversing at least forward/backward
motion of the gripper with respect to the corresponding movements
of the subject — at the cost, of course, of more extensive training.

EXPERIMENTAL SUBJECTS

Numerous non-handicapped subjects and a number of physically
handicapped subjects have volunteered to participate in our control
experiments. Four handicapped subjects have participated for pro-
longed periods of time:

Subject C. M.

C.M. is a 49-year-old female with an asymmetric C-5 quadriplegia.
The right deltoid and biceps are normal, and the wrist extensors are
partially useable. However, right triceps, wrist flexors, and the mus-
cles of the left arm are not functional. Head movements are normal,
but occasional spasms force the head backwards. Virtually no sensibil-
ity remains in the upper limbs. She uses an electric wheelchair with
joystick control.

C. M. has been the first quadriplegic to cooperate in our control
experiments, starting at a very early stage of the project, and has
participated in 30 experimental sessions. She has used a large variety
of transducers and control configurations. In later experiments she
has used the parallelogram type head movement transducer (initially
she used the crossed-bar type), a roller transducer, and a single
spring-bar type switch for discrete signals, operated with the right
hand using gross arm movements (Fig. 10).

Subject B. L.

B. L. is a 36-year-old male with a C-6 hyperspastic quadriplegia.
Deltoids, biceps, and wrist extensors are functional, but not triceps or
wrist flexors. However, the left arm is more functional than the right.
The range of head movements is normal to the right but limited on
the left. There is a marked scoliosis causing the right shoulder to be at
a lower level than the left, which tends to be worsened during spasms.
He is seated in a specially-molded seat for added support in his elec-
tric wheelchair with joystick control.

B. L. has participated in 17 experimental sessions, and he, too, has
used a variety of transducers and control configurations. In later
sessions he also used the parallelogram type head-movement trans-
ducer, a roller type transducer and a spring-bar switch; he operated
the two latter types with the left hand (Fig. 5).
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FIGURE 10.-—C. M. pouring a drink. Note the protective window separating her from
the gripper.

Subject A. F.

A. F. is a 34-year-old male with an asymmetric C-3/C-4 quadri-
plegia. Trapezius and right deltoid muscles are functional, pemitting
abduction of the right arm: of the other arm muscles only the right
biceps remains partially functional. Osteomas of the elbow joints limit
their action to only slight supination. A. F. suffers from flexor spasti-
city, beginning in the lower limbs, which may spread to the trunk and
the arms.

Control transducers used by A.F. are (Fig. 8) the parallelogram
type head-movement transducer, a joystick, to capture abduction at
the right elbow, mounted with horizontal control bar, and a breath-
operated pressure transducer for discrete signals (later replaced by
the laryngophone). A.F. has participated in 7 experimental sessions.
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Subject J.V.

J.V.is a 27-year-cld male with a partial C-3 and complete C-4 quad-
riplegia. Right trapezius and both deltoids are functional, with better
control of the left than the right. Other arm muscles are not func-
tional but do not suffer from spasticity. Some extensor spasms occur
occasionally after long periods of immobility. J.V. uses an electric
wheelchair with joystick chin-control. For other functions he uses a
mouthstick.

J.V. has participated in a concentrated series of experiments over a
period of 2 weeks, with 14 morning and/or afternoon sessions total-
ling 26 hours behind the telemanipulator, of which 17 were actual
experimentation. Final transducer used was the parallelogram
head-movement transducer, joystick with horizontal control bar op-

erated by the left elbow, and laryngophone for discrete signals
(Fig. 9).

EXPERIMENTAL RESULTS

For the first three subjects, the experimental sessions have been
held at 2 to 4 week intervals and have combined the search for
adapted transducers and control configurations with subject training.
The continual evolution of the system sometimes interfered with the
latter aspect.

Control configurations have gradually evolved, from displacements
in x, y, and z plus grippers to the ones mentioned in the section on
man-machine communication. The experience gained with the first
three subjects has permitted us to conduct an intensive 2-week learn-
ing experiment with the fourth subject, J.V.

The first two subjects, C.M. and B.L., have two things in common:
they both have been able to control a roller transducer with gross arm
movements and they participated relatively early in the experimenta-
tion, With them, the most representative tasks, to serve as a reference,
have been construction of a tower out of three building blocks (ele-
ments) and the tracing of a printed pathway on a sheet of paper.
Other tasks that have been used include drawing and writing, paint-
ing, typewriting, dialing a number on a standard dial-type telephone,
pouring a drink from a bottle into a glass, and inserting various
shaped objects in the corresponding holes of a hollow box.

The reference tasks, and the first four of the others, stress the
ability of moving the terminal device in space with various degrees of
precision. In addition, they require controlled contact between objects
with a limited force, such as maintaining a pen on the paper in draw-
ing. The “soft touch” feature has largely facilitated this interaction.
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The other tasks require control not only of the displacement of the
terminal device, but also of its orientation.

Initially, both subjects used head movements (as described earlier),
a shoulder movement for vertical displacements, and a myoelectric
signal to actively open the grippers, which closed passively when no
signal was emitted. Although both subjects succeeded in executing the
displacement tasks, two problems were encountered: (i) it proved to
be difficult to control shoulder movement independent of head
movements, and maintenance of a fixed shoulder position was very
tiring and interfered with breathing; (:i) the simultaneous control of
both the myoelectric signal and other control motions was difficult
and tiring.

These problems have been solved with the introduction of the
roller-type transducer, to replace both the shoulder transducer and
the myoelectric control signal in two separate control phases. Since
then, the performance of both subjects has improved significantly.
The additional phase, required to replace two control signals by one,
actually facilitated the control of opening and closing of the grippers.
The reason for this is that this action often corresponds with the most
delicate movements in manipulation, when no inadvertent move-
ments are permitted. The recent addition of the forward/backward
movement in the direction of the grippers, in combination with open-
ing and closing, has further facilitated grasping and releasing of ob-
jects.

The reference task of tracing a predrawn figure really is a tracking
task in two dimensions — and has the advantage of leaving a record
on paper. By imposing a trajectory to be followed, it is easier to inter-
pret the drawn trajectory than in the case of free drawing or writing.
It can be noted that lines in vertical or horizontal directions are the
simplest to draw, although some deviation may occur at the times
when the clutch button is actuated in the pumping action. The draw-
ing of dldg()ndl lines clearly is more demanding, and initially they
tend to be built up in a staircase-manner of horizontal and vertical
elements. After training, they gradually tend to assume a straighter
diagonal form, indicating that control of “composite” movements is
being mastered.

The reference test of tower building has been executed by both
subjects in three modes: (/) using only displacements in rectilinear
coordinates at high and low gains, which has been the first mode
available to them, and still is the easiest one for fine control, (i7) using
only piloting, as an exercise only, resulting in a rather tedious proce-
dure, and (i) using a mixture of the two, which would seem to be
the best adapted procedure.
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Both subjects have succeeded in executing this task in all three
ways. However, thus far, only C.M. appreciates the added possibilities
offered by the piloting mode while B.L. prefers to use the pumping
action, even to cover larger distances. He only apprec iated pllotmg in
the more limited form of its combination with gripper opening and
closing. (It should be noted that initially the velocity had been con-
trolled with the roller transducer, which, as mentioned, does not pro-
vide a spring-return to zero velocity. To stop the movement, either
the roller has to be moved actively to the region of zero velocity —
which is not very critical—or the uncoupling signal has to be used.) In
more recent experiments the velocity is controlled by head move-
ments: the subject’s forward/backward movements control gripper
forward/backward velocity in the direction toward which it is point-
ing. This convention corresponds also with the safety requirement
that the gripper will retreat from the head when the head is moved
backward, unless the gripper is directed away from the head, which is
potentially less dangerous and is a rather exceptional orientation.

Table 2 summarizes the actions in which the different phases listed
in Table 1 are used by C.M. The first five actions are elementary
movements, which are followed by some examples of more compli-
cated tasks. As indicated, a fast approach for long distance displace-
ments is best executed in high-gain positioning or piloting modes. For
the fine approach, low-gain positioning or piloting may be used, in
combination with phase 5 (gripper opening/closing and forward/
backward movement.)

To completely control gripper orientation, two phases have to be
used in this configuration. Drawing and writing may best be executed
in the low-gain positioning mode, but a high gain is sometimes useful
in drawing. Typewriting is best executed in the high gain positioning
mode, which permits one to cover the keyboard without reverting to
the “pumping” action. Typewriting, using an electric typewriter and
an eraser-tipped pencil as a finger, has been quite feasible for both
quadriplegics, although we have not yet tried to obtain a high speed.
To optimize typing speed a special phase would be helpful, with a
range of displacement just covering the keyboard and a prepro-
gramed key-striking movement, but this has not yet been tried out.

The tower contruction task, discussed before, and the “insertion
box” task, requiring the subject to insert objects in corresponding
holes at various orientations, are exercises corresponding to simple
assembly tasks. The latter one is clearly much more difficult to exe-
cute and longer to learn, but C.M. has mastered this task which we are
now beginning to use as a third reference task for the more experi-
enced subjects.
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TABLE 2.—Example of the use of the phases of Table 1 in different tasks; open circles indicate
phases of less importance.

Phase
1 2 ki 4 i}
= >
g £ g
NB N & = gE
R ks e 2
Sl ] A ® o+ o +
Fast approach
long distance ® ®
Fine approach ® ® ®
Gripper orientation ° ®
Grasping/releasing °
Level transfer ® @
Drawing/writing o ®
Typewriting ®
Tower construction o ® e e
Insertion box o] ° @ ® ®
Pouring o @ ® ® o

The ability to pour the contents of one container into another is of
importance both as an activity of daily living and in some professional
activities. Its feasibility has been demonstrated by C.M., who is now
capable of pouring a drink in a glass without spilling (Fig. 10). The
movements of phase 4 of horizontal displacements and gripper roll
have been combined specifically to facilitate this task. This is an
example of the way in which the programing facility may be used to
adjust the control configuration to suit the needs of an individual user
in his activities. A more complete account of the experiments with
C.M. and B.L. has been reported by Quétin (1978).
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Subjects A.F. and J.V. have in common the inability to control the
roller transducer since no sufficient voluntary movement of the hand
remains for trouble-free operation. However, both have been able to
use elbow abduction to control one degree of freedom with a joystick.
In addition, other sources had to be found for the discrete signal.
Their severe functional impairment makes them even more typical
candidates for use of a telethesis.

Subject A.F. (Fig. 8) was the first subject at the C-3/C-4 level to
operate the laboratory system, and several sessions with successive
modifications of transducers and control configuration parameters
have been necessary to arrive at an adapted system. In addition, a
start has been made to invert the forward/backward control as men-
tioned under safety aspects.

Initially, a configuration has been used with only two continuous
control signals from head movements and a discrete signal from a
pressure switch controlled by puffing through a small tube from the
mouth. Although x, y, z type control was successfully effectuated at
the first session, the lack of a third signal necessitated a larger number
of phases, resulting in a more difficult and slower manipulation. At
the third session, a shoulder transducer was added and a configura-
tion similar to the one in Table 1 was used, but with the roller re-
placed by the shoulder up/down movement, and with only one posi-
tioning phase at intermediate gain with inverted, forward/backward
movement. Shoulder movement proved to be tiring and relatively
difficult to use, as had been the case with C.M. and B.IL.

At the fourth session, the shoulder transducer was replaced by the
joystick at the elbow. Initially, some contrcl problems arose because
A¥. did not sense the degree of abduction of his elbow. For this
reason the control bar has been elongated to enter into his visual field,
thereby providing a visual feedback that facilitated its control. With
this system good progress has been made during the following three
sessions, although some problems have persisted with the inverted
movement. In the final session reported here, the pressure switch has
been replaced by the laryngophone to control the discrete signals,
which has facilitated manipulation. A.F. has mastered the basic tasks,
including pouring water from a bottle (Fig. 8) but further training will
be necessary.

The intensive 2-week experiment with J.V. required a more careful
preparation and selection of control configuration, due to the severity
of the disability. Initially, an experimental protocol had been estab-
lished, designed to speed up learning while approaching a more clini-
cal learning situation. The sequence of the exercises had been
selected in such a way as to accentuate operator autonomy at each
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stage of the learning procedure. Each task can be effectuated with the
previously acquired skills without intervention of the teacher, and
new elements are gradually introduced and reinforced.

Initial trials were made with a spring-lever microswitch operated by
shoulder elevation to operate the discrete signal, but again shoulder
movement proved to be unreliable, due to the very critical adjustment
required, and it has been replaced by the laryngophone, resulting in
the transducer arrangement described in the section on experimental
subjects. The configuration used is the same as the final one used by
AF.

For the introduction of the four phases we have used the following
sequence: presentation of x, y, z positioning phase with the gripper
half-open as a fork: free movements in the air, lifting and moving the
elements of the tower (Fig. 5) suspended in the fork; superimposing
three elements to build the tower; disassembling the tower.

Only a single phase is used, here, without control of gripper open-
ing and closing. The clutch function and its use in the pumping
movement are introduced during this time.

This is followed by presentation of the changing of phase, and of
the phase combining gripper opening and closing (with the joystick)
and gripper velocity (with forward/backward head movements). With
the two phases now available, a variety of objects may be grasped,
moved, superimposed, inserted in vertical holes, etc., all with
stabilized gripper. Some heavy objects are presented (steel cubes, a
carafe filled with water) to demonstrate potential applications in daily
living. In addition, the curve-tracing task is executed to start training
of coordinated movements of x and y in the horizontal plane. The
tracing ot diagonal lines proves to be particularly difficult in the be-
ginning, due especially to the inverted forward/backward movement.
The tracing task was maintained in every session as a reference task
and to consolidate coordination training.

Next came presentation of the phase combining rotation of the
gripper about its axis (joystick control) with horizontal movements.
After some introductory exercises, J.V. was soon capable of pouring
water from the carafe into a glass without spilling (Fig. 11).

Presentation of an intermediate phase, which features control of
gripper yaw and pitch, but not of velocity, came as an introduction to
piloting. As of now all degrees of freedom can be controlled, and a
variety of tasks requiring orientation control are executed. Finally,
the intermediate phase is replaced by the complete piloting phase and
various exercises are executed with it, such as the insertion of ele-
ments in a hole (Fig. 12). Once accustomed to this, J.V. appreciated
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FIGURE 11.— J.V. pouring a drink. In the background, the electric knife to cut the
cake is visible on the left.

the possibilities offered by the piloting mode and learned to master its
control completely.

This part of the program occupied the first week of experimenta-
tion, covering 8.5 hours of active exercises. During the second week,
also covering 8.5 hours of manipulation, some exercises were re-
peated to consolidate operating skills, and a variety of more realistic
applications have been executed: typewriting, writing, using a
(slightly modified) electric knife to cut a cake (Fig. 11) and a steak,
light a candle with a cigarette lighter, assemble constructions with
large-size Lego elements (Fig. 13), turn pages of a telephone directory
(Fig. 14), dial a telephone number and obtain the desired connection
(Fig. 15), etc. With these results J.V. has been one of our best
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FIGURE 12. —J.V. executing an insertion task, requiring both fine position and
orientation control.

operators (handicapped or not), discovering by himself many of the
tricks necessary to perform the more complicated tasks. A more com-
prehensive account of this 2-week experiment has been presented by
Gaillard et al. (1978).

CONCLUSION

The experiments conducted thus far have shown that, with the
system outlined here, the control of a telemanipulator by quadri-
plegics is indeed feasible. Furthermore, there do not appear to be
large differences in quality and speed of control between the spinal-
cord-injured patient and non-handicapped — when given the same
type of control. However, in general, large differences exist between
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FIGURE 13. — Lego (large model) constructions made by J.V. following models indi-
cated on the box.

different subjects in their rate of learning to master the control and,
independent of this, to conceptualize the movement to be made,

Position control of terminal device movement, by head movements
in two directions, has proved to be a rather convenient way of control-
ling a manipulator. The roller-type of transducer appears to be well-
adapted for position control to those subjects who still have some arm
movements left, even without remaining sensation. In contrast,
shoulder movements appear to be difficult to control independently
of head movements. A joystick to capture elbow abduction may be
used with good results to replace the roller transducer where neces-
sary (and possible), but its use requires a more frequent pumping
action.

Associating forward/backward head movement to corresponding
gripper movements (but inverted in direction to augment safety)
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FIGURE 14. — J.V. turning pages of a telephone directory, using a gum-ripped pencil
as a “finger.”

seems to be acceptable but at the price of an increased learning time.
The ability to perform manipulations without a protective window,
thereby permitting the use of a mouthstick to operate on an object
held by the gripper, would appear to justity such an investment.
The use of a modular system has permitted us to experiment with
different control strategies and different transducers without exten-
sive reprograming. It seems to be desirable to maintain modularity
in the final system, although a somewhat reduced number of pos-
sibilities will be adequate to select for each user an adapted control
configuration. The semisequential control in different phases, in
combination with clutch function, appears to be a reasonable proce-
dure for controlling a telemanipulator with a limited number of con-
trol signals. Furthermore, it is feasible to implement this type of con-
trol on a microprocessor within the constraints of reasonable cost.
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FIGURE 15, — J.V. dialing a telephone number and succeeding in obtaining the right
connection.
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