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Sommary

A multi-level approach to the design of control systemns for com-
plex orthotic/prosthetic ((WP) systerns is described. All O/P systems
are deseribed as a Man-Machine System io which a computer provides
a data acquisition, control, and demsion-making function. multi-level
approach further divides the problem into more manageable sub-prob
lems in which the overall control function is decompoesed inbtg a hie
rarchy of controf functions which distritutes the load and res ibi.
lity for satisfying the controt obiective. The levels of the hi DA
be identified successively with direct, optimizing, adaptive a.ug sel

izing contrpl. This hierarchy 15 an ordering with respect to time
scale, complexity of computation, degree of uncertainty, etc., which
relates to important design considerations for the overall system.

Two upperextremity system designs which have been simudated
are discussed in the context of the hierarchy:

1} A system with plus, minus, zere velocity control of each indi-

vidual axis.

2} A proportional wvelocity control system in which AN-AY-AZ
input cornmarnds are given by the sobject, to control the enid-
poitit of the arm. The computer generates the proper Al com-
mands to move the arm AX-AY-AZ and maintains the hand
i a level attitude.

Times te perform simple tasks uwonder manual control are com-
pared. Both systems provide important design data relating to the
usefulness of a computer in the control of a molti-degree of Freedom
arthotic arm.

Intraduction

In the past, much of the research, development and clinical
application of orthotics and prosthetic systems has centered on the
hardware devices which perform the functions required by the han-
dicagped rson. Designers have shown awareness of control and
feedback, but their attention has been primarily directed toward the
powering and fitting of devices to improve the function of the han-
dicapped. Present state of the art is such that the hardware assistive
device itself can be built; but there are serious problems involved
in designing effective control systems for the patient and machine.
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Control problems become y acute for severely handicapped
patients who require multi :gme of freedom assistive devices. The
major emphasis of this paper is on the development of a multi-level
control hierarchy for the of O/P control systems. In the con-
text of this hierarchy, two designs for the control of multi-axis
ortl'tntlc arms are then dlscussed

" P LR

Cybuneﬂconhoﬂcm&cSyﬂﬂn

In an O/P system, the humam being and his assistive device
comprise a man-machine system. When the orthotic or prosthetic
?'stemusesexternal power and is operated by means ‘of external

eedback control, the result is a cybernetic system or man-machine

mmthﬁtmsemaftheterm[l] -control task of the
man can-be simplified by having an inforﬂ:mﬁanpmoeswrshm
part of the control and decision-making task. Figure 1 is a block
diagram of such a Man-Hackiu&Campw&r or Cy rmetic Orthotic/
P'rasthetr System. s

' Faadback
Recaptors ' . gy foowsere v

Fig. 1. Man-machine orthotic/prosthetic systems

The assistive device includes the power sources and support-
ing structure. The assistive device receives commands from the
computer and, in turn, the computer can interrogate its state. The
output of the assistive 'device is its specific p function.

. The man's function.is to communicate his commands to the
wmputerhaseduponimmmousdﬁuuandfeedbackfmm the
assistive device. The man is the most adaptive portion siys
Infactthmnisamgmﬁcantlﬁrmnsftmmnupmblgmm ved in
his function in the control loop.

The computer provides a data acquisition, control, and deci-

sion-making function. As an example, it may produce output com-
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mnndstnanurthoucarmbasadonthearmspresentpumtmnand
the man's input signals such that the arm appears to aperate in an
X-Y-Z cartesian coordinate system as observed by the man.

Multl-Level Ap to the Design of Cybermetic
Orthote/Pros Conirol Systems

With this brief introduction into orthotic/prosthetic sysiems,
the emphasis will now broaden to include not anly the O/F systems,
but also the engineering design of such O/P systems. There are two
important aspects associated with this approach:

1. The approach should accurately describe the important
features of the O/P system itself,

2. The description should be in a form which clearly shows
where, how and why important design factors and deci-
sions enter in.

Ideally, this approach gives better insight into why the engine-
ering designs are made rather than a description of what was
;igllile. Il& order to accomplish this task, a two-step process will be

owed:

1. A Multi-Level Ap h Applied to Control System Design
will be presentecf

2. The theory will be apflied to Engineering Design of Multi-
-Axis Orthatic Control Systems.

A. Multi-Level Approach Applled To Comtrol System Design [2]

The general design problem for system scontrol is schematized
in Figure 2, Associated with the process are a set of disturbance
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Fig. 2. General design problem for systems control applisd to O/F system
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inputs uft}, a set of manipulated inputs m(t) and a set of output
variabies ¢(#). The disturbances are the independent variables of
the system. They represent the effects of environmental variations
and of variations in other systems to which the process is coupled.
"The manipulated variables are determined by controller, they
are thus dependent upon the control function and upon the obser-
vaticns x{¢) made on the system. They are also dependent upon a
set of specifications, design assumptions, and hypotheses pertinent
to the control, which will be denoted by the vector v. The informa.
tion vector x(t) represents the measurements of some of the distur-
bance inputs (designated by the vector #’ and of some of the output
variables {designated by the vector ¢').

uft) =Disturbance inpats. m(t) =Manipulated variables.

' {1 )=Measurement of some of ¢ft) =Output variables.
the disturbance inputs.

The control application assumes:
1. A deterministic relationship in terms of the inputs

¢(t)=glm{x}, u(7)3 (1)
2. A performance functional
p=plc{=), m(t}, u{7)} (2)
3, A set of inequality constraints
hlc(t), m{x)]=0 (3)
The control algorithm defines a transformation
m(t)=m[t, ¢'{t}, u'(7)] 4

Ideally, Equation 4 is to be determined so that Equation 2 is
maximized subject to Equation 1 and Equation 3. However, there
are several practical difficulties: :

1. The system equations are rarely known exactly or com-
pletely.

2. The uft) over the future interval of interest is seldom
known a priori.

3. Mathematical techniques for optimization are not suttic-
ently developed to handle the system complexities met with-
in process applications.

4. Even where the above difficulties could be resolved, the
resulting computational problem makes implementation
for on-line control impractical.
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In oxder to implement automatic control of the process, it is
necessary to make a number of simplifying assumptions. These
assumptions can be associated with elements of the design vector v
and may include decisions related to: The structure of a simple
model to represent the process; the element of the vectors &' and ¢';
a simplifying approximation to the performance measure; etc.

1, Multi-Level Approach to the Control Problem

The systems control problem may be embedded in the deter-
mination n% the design vector v. However, the great complexity of
many processes precludes any overall control approach such as im-
plied by Figure 2. The major reasons are:

1. Computers are not large enough to handle the total con-
trol problem.

2. The analytical techniques for analysis and design of such
large scale systems are lacking,

3. There are many practical considerations based on reliabi-
lity and efficient use of components,

The multilevel approach may be applied to reduce the difficul-
ties cited above. There are twe aspects of the approach in relation-
ship to the control application.

!. The overall control function of Figure 2 may be divided
into a number of simpler functions forming a hierarchy of
control activity and responsibility.

2, The process may be divided into a number of simpler sub-
systems, each of which controlled according to a local or
sub-optimal criterion.

Both aspects have the same primary objective; reducing the
total computational effort requireg for achieving a given level of
system performance. In essence, the same thing is dons in each
case, The overall complex problem is broken down into component
parts, each of which is handied as a sub-problem. The firal requi-
rement is a coordination of the sub-problem splutions to achieve
a "best” (in some appropriate sense} performance of the overall
system.

2 Decomposition inito Control Sub-Systema and Application w O/F Systems

The system of Figure 2 is expanded into the four-layer control
configuration of Figure 3. The layers are identified successively with
direct, optimizing, adaptive, and self-organizing control functions.
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These somewhat arbitrary labels have been chosen to focus atten-
tion of the different functions to be performed. At the same time,
Figure 3 associates one of the four layers with a part of the Cyber-
netic Man-Machine Computer O/F System.: = R

el i P ey =
¥ Damasin

ol . ’ .. o . K
" I . : ’ Yy g
EL..._—" ™ l:-ii-!‘
- ) _.'u.i' _k . _Eh
!L': Dlrect Auidilve

Caamrtl "yl Dumics -
Fophi Mol o Froeuia

I

5

. Fig 3. Four layer hierarchy for O/F control system design

The basic control activities assbciated with each layer and
examples . in terms of O/F systems follow: :

Direct Control

First Iﬂﬁr — The primary function of the direct controller is
to translate decision of the higher level controllers into direct
actions on the process. Specificzlly, the manipulated inputs m(t)
are varied so as to force a subject of the process outputs ¢,(t) to
follow as closely as possible the set of desired values r(t) generated
by the optimum controller, In an O/P system, this layer is most

ten represented by motor control circuitry with perhaps a posi-
tion or torque feedback control loop.

Optimizing Control

Second Layer — The objective of the optimizing contraller is
the determination of cptimal operating conditions for the precess
besed on an appropriate performance criterion and mathematical
model for the process. The desired conditions are defined by the
vector r(t); the vector is evaluated in terms of the feedback infor-
mation set x(t) and input parameter set e?i,{ t}). In many O/P
systerns, the optimlzing control is represented by the electronics
which convert the man’s EMG input signals 2,(¢) over to command
signal rft} for the controlled variables of the assistive device.
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Adaptive Control _ . _

Third Laver — The first and second layers of control are
developed from iachematical models which are generally only ap-
roximations of the real system, The purpose of the adaptive
unction is to compensate for model-induced errors mdjusting the
parameter values associated with the conirol algorithms, Thus, pa-
rameter sets 2, dnd a, are updated periodically based on observa.
tions of system behavigr {contained in the information set x,) and
suitable criteria of performance. ' '

The patient in an /P systermn generates parameter sets 4, d,,
&, based upon his conscious desires, (criteria of performance} an
primarily visual feedback from the assistive device (information
set x,). Parameter set a, shows the learning of the man in the con-
trol loop in which the man with new control sites must calibrate
himself to the system based on trying, experimenting, and experi-
ence with the actual O/P system. :

Self Organizing Control

Fourth Layer — The self-o izing system determines the
design vectors' v,_,. These define structures of the lower level
controllers through assumptions and hypotheses concerning the
gystem and its environment. In particular, the design vectors repre-
sent decisions which are. made relative to the control of the overall
systern such as {o improve the total system response. The decisions
are based on accummlated ex;i;rienm and increased understanding
of the system, but subject to the specifications, predictions and-con-
straints embodied in the thput vector v,. In O/P control systems
design, this layer, rather then automated, 1s most often repre-
sented by the mani different peu(]: e from different disciplines who
must share their knowledge and skills in order to evaluate and
improve QO/P designs. Information set x, represents the Ueffaf:erfur-
mance ev?]uatiﬂn variables which are chosen by the uation
team itself.

B. Application of Hierarchy to Engineering Design of
Mulii-Axis Orthotic Systemn

In order to study this Man-Machine Computer System, a
Cybernetic Orthotic/Frosthetic Simulator {(COPS) was designed and
implementad [3]. COPS is a programmable real-time O/P system
allowing the designer the ability to quickly and efficiently imple-
ment, test, and modify different designs. Figure 4 shows a block
di of COPS with its major sub-system components. Coatrol
:mﬁ decision making functions are programmed on a DDP-116 com-
puter which supplies three basic functions:
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1. It forms a central element in the real-time control Joop.

2. It performs online data acquisition, analysis, and docu-
mentation. ’

2. It provides automatic error checkout of all sub-systems.
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Fig. 4. Cybemetic orthotlefprosthetic simulator (COPS)

COPS is a direct hardware implementation of the four la
hierarchy. The objective was to provide such a general and flexible
system that the structure of COPS would not materially constrain
the system designer. An approach such as this lends itself to many
research studies and avoids duplication of hardware which would
occur if many special systems were constructed. Two different de-
signs for the control of a multi-axis orthatic arm are now discussed
in terms of the four layer hierarchy.

Drect Control Functions

In COPS, the main direct control functions for the Case Rese-
arch Arm-Aid (CRAA) [4] and the Seven Axis Electric Orthotic Arm
[3], [5] are digital incremental position loops as shown in Figure 5.
The function of the incremental Inops is to Fnl[uw as closely as pos-
sible the desired thetas generated by the optimizing controller also
insure stability of each axis. To further clarify the direct control
functions, the electric orthotic arm shown in Figure 6 as an exam-
ple. This arm has seven degrees of freedom with: :

1. Shoulder Rotation

2. Shoulder Flexion/Extension,
3. Humeral Rotation

4, Elbow Flexion/Extension
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5, Wrist Rotation

6. Wrist Flexion/Extension

Ligplacarngnt, &

7. Prehension
Inpat +
Corptna nd
Bl-Directlonal
Counte r
Powgr
DfA Prime
Cmnrikr Mopver
I Forvrntal
* Epcader

Fig. 5. Incremental digital control loop

Each axis is driven by a DC motor-gearhead system with an
integral incremental encoder. Each incrementa! control leop forms

Flg. & Time exposure of seven axis electric orthotic arm under X-Y-Z contral

a control sub-sistem. This is a decomposition of the tota! assistive

device into su
electric arm are:

Limit protection

. Orverload slip clutches.

Ml M

. DC motor stall protection.

Local torque feedback on prehension.

processes. Other direct control functions of the

a} Electrical b) Mechanical ¢} Computer Supervised.
. Bafety release velero straps.
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These additional functions protect both the patient and the
arm from injury or . In this case, the final result of the
direct control layer is a safe, reliable orthotic arm in which simul-
taneous pulath centrol of all axes is possible under real-time comput-
er control, . ;

The function of the optimizing control layer or computer is to
coondinate the direct contro] functions of the orthotic arm. In terms
of Figure 3, the cmn;lmtﬂr generates desired theta positions r,(t)
to the direct control loops of the arm based on the man’s inputs
a,(t) the control state of the arm ¢,(t) and an appropriate perfor-
mance criterion. Dud td the severs man-machine communication
problemns involved, the information rates required in parameter
set g, should be at a minirmum. At the same time, the organization
of the o%t;mizing chntrol determnined by design vector v, should
be such that the mian is able to conceptualize his task and thus ma-
ximize his information rate capabilities in a,.

a) Individual Axis Control Design

Assuming prebension under separate voluntary control, one
of the simplest optimizing control functions which can be proposed
is one in which six control sites individually control the velocity
of thelsix degrees of freedom of the arm for electro-myographic
control.

In terms of Figure 3, 4, and r, are now given in Equation 5
and Equation &, respectively:

T T
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The above optimizing control function represents a kind of
*maost simple” case. Anyngetter optimizing control function must
improve total system performance and/or reduce the number of
input channels required. The *individual axis control” system has
been implemented on COPS and also incorporaies computer-
supervised axis limits. The second optimizing control function
design, which follows is an attempt to improve on the first design.

b} X-Y-Z Coordinate Conversion Control Design

The optimizing conirol layer establishes both a functional
dynamic relaticnship between Lﬁz man's inputs and the assistive
device outputs. The dynamic relationship determines whether the
operator has direct control over position, velocity, acceleration,
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torque or some combnation of these variables. The functional rel-
ationship determines whether control sites aru related directly to
assistive device axes. () or to other output parameters such as X,
Y, Z of the endpoint. While the functional and dynamic aspects are
intimately related, it is the functional relationship which becornes
especially severe in multi-axis systems. The following algorithm per-
forms a real-time coordinate conversion so that the man sees the
task as moving the endpoint of the arm in an X-Y-Z cartesian co-
ondinate space. This ?dmrithm has been named “the Eighty-One
I[l%ciwi 6ﬁlgurithm", based mpon’its search and optimization criteria
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Flg. 7. Simplified flowchart of 8l-move X-Y-Z algorithm

Figure 7 shows a simplified flow chart which inputs AX-AY-AZ
EMG command information from the man and computes in real-
time the required A9, , moves for the orthotic arm. Figure 6 shows
a time exposure photo of the electric arm under X-Y-Z manual

L



334 H. F. APPLE AND J. B. REAWICK

control with a pen light on the endpoint. An X-axis move over the
operating space of the arm was made with the straightness of the
path pmviélpng an overall accuracy check on *he algorithm and arm.

El ﬁ‘z 8y a @ a

4 5 b

COMPUTE
INCREMENTAL

MODEL of T3
L

CALCULATE TEST MOYES FOR,
aej = 0,4+ j= 5,4
AND FICK MOYE WHICH BEST

APPROXIMATES T, (DESIRED)

IR

A Al

5 [
Fig. & Simplified level hand flowchart

To make this system feasible for many different tasks a level
hand mode for 0s and & is necessary. Figure 8 shows a simplified
flow chart which maintains the hand in a level attitude after being



MULTI-LEVEL APPROACH TO CONTROL BYSTEM DESIGN 335

initializad, Tx is the Z component of the vector from the wrist to the
large knuckle of the middle finger. Once initialized, maintaining T
at a constant valee will keep any obiect grasped in the hand in a
level attitude. {Assuming the object was level when Ty is initialized).
The level hand mode can also be used with the individual axis
control system. In this way, anly four axes required direct control
by the patient in order to carty an object in a level mode.

Man-Adepitve Conitrol Funciion

The man generates parameter ssts a,, 4, 4; based upon his
conscious desires, observation of system behavior based on the in-
formation set x, and a suitable criterion of performance. Because
of the extreme man-machine communication problem involved,
every effort must be made to minimize the mumber of channels used
and the date rate required by a4, and a,. In the same way, inform-
ation rate in x, is smal! because man cannot effectively multiplex
many channels. Information set x, is primarily visual feedback with
the man perhaps estimating such variables as position and angular
velocity of axes or linear position and velocity of the endpoints.

In the case of the two previous optimizing control function
designs, EMG conirol is the primary man-machine communication
techni&ue under consideration. Several digital mode controls
be the scope of the present discussion would also be required.
Table 1 gives a comparison of the two systerns in terms of the EMG
requirements on the man.

Table 1.
Proportional ~ Threw siate
Individua} sx axis control 12 [
Individual axis control with level hapd mode [ ] 4
X.Y-Z cootrol with level hand s . : 3

a) Individual Axis Control

In this system, the man must control the velocity of each of the
axes and alse estimate the resultant move depending on the configur-
ation of the arm. The direct and optimizing control functions prov-
ide axis limits relieving this task from the man. However, X-Y-Z co-
ordinate obstacles such as the lapboard are not protected. In terms
of EMG sites, the system with level hand mode and three state
control requiring four sites was considered the most feasible. Preli-
minary evaluation of this system will follow in the self-crganizing
control function section.
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b) X-Y-Z Coordinate Conversion Control Design

In this system, the man has the capability to control the X-Y-Z
velocity of the endpoint. Elbow configuration was computed by the
algorithm on an heuristic basis and level hand was maintained by
correction commands on 0. and 0; supination and wrist flexion.
Theta limits as well as X-Y-Z limits were incorporated in the direct
and optimizing control functions. The question to be answered with
this algorithm is whether or not the man can simultaneously supply
the necessary EMG information to the three X-Y-Z ‘degrees of fiee-
dom and therefore achieve "normal looking” smooth performance
of tasks, Initial simulations used an X-Y-Z hand ‘controller with the
philosophy being that if the person could not control the system
under manual control, EMG. L::rn[rﬂl wpuld 3150 be 1mp0551ble. Re-
sults showed that the system was stable, under manual control and
that the man could also adaptively control the elbow position, even
though-it is not under direct control. Figure 9 shows the X-Y-Z co-

Fig. 9. Normal subject with six percutancous EMG sites controlling endpoints
pf CRAA MK I1 under "Eighty-One Move” algorithm control

ardinate system under EMG control by a normal with sites ap-
proximating those available to a quadriplegic. Similar results to the
hand controller simulations were obtained [6].
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Self Organizring System
Cybernetic Sysiems Group-Self Qrganizing Control. Function

at the self-or ing system level or the Cybernetic Systems Group
determines tﬁ: VECLOTS vy, ¥y, ¥y, These detine the structures of the
lower level controllers through assumptions and hypotheses concern-
ing the system and its environment. - :

The generation of the design vectors by the self-organizing
system has tremendous effect on the performance of the overall
system. A characteristic of this research is that it 1s mu!ti-discipline
in nature, drawing on a broad spectrum of medical, scientific, and
engineering knowledge and skills. The generation of the design
vectors for this work required the collaboration of many members
of CSG. As an example, one major collaborative design decision by
CS(; was the decision to design and implement COSP, Another
important collaborative area is the engineering and clinical evaly-
ation of alternative O/P system designs. This requires the skills of
many different people; including physicians, engineers, therapists,
and technicians. An evaluation procedure has been developed based
on typical tasks required in an O/P system [3], [7].

. Future experiments will compare specific alternative designs
based on overall system performance measures. These experiments
will test the usefullness of an X-Y-Z coordinate system versus indi-
vidual axis control using EMG control. Preliminary data with the
four site individual control and the six site X-Y-Z system under
manual contrael is shown in Table 2 for a move from the lapboard
area to the mouth. ' _ B

- Table 2. _
Indtvidyal control ) X-Y-Z control
 Total . - e
Average Hime _ - .
For task 53 ser.. o . ) 35 px.
Compietion

It was very difficult to achieve smooth simultanecus control
with the individual axis system and subjects normally adopted a
sequential operation mode. The increased time to perform the task
for the individual control system versus the X-Y-Z system was
almost completely due to the difficulty in making fine position cor-
rections at the endpoints of the task. Times to make the gross moves
through space were approximately c%:ral for both systems although
the X-Y-Z system moves were smoother and more direct.



k)

338 H. P, AFFLE AND J. B, REAWICK

Conclusion

A multi-leve! approach to corthotic/prosthetic control system
design has been presented and applied to the design of multi-axis
orthotic systems, In essence, the problem is divided into a hierarchy
of control functions which distribute the load and responsibility
for satisfying the control cbjective. In general, the t layer
controller is charged with the responsibility for feasible tian
of the assistive device. Hence it is essential that it be sufficiently
reliable and have necessary protective and fail-safe features. The
Jevels of the hierarchy may be identified successively with direct,
oplimizing adaptive, and self-organizing control activities. These
lead to consistent ordering characteristics in terms of freq
distribution of the pertinent disturbance inputs, period of mntm;
aclion and complexity of computation which enter into much of
the design decisions relevant to the overall system control problem,
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