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AN ABQVE ELBOW ARM PROSTHESIS
M. Rakid

Abstract

The problem of semiauntomatic control of an externally powe-
red above-albow arm prosthesis with four degrees of freedom is
treated in the paper. A new control concept is presented based
on the following. The volitional signals are assumed to be ge-—
nerated by the patient stump movement. These signals are fun-
ctionally interrelated by processing in a small portable com-
puter.'The computer generates control signals to be applied to
the servomechanisms for actuation of the prosthesis.

In order to evaluate the control concept, a pilot above—elbow
prosthetic system has been developed. The description of the arm
prosthetic system are presented in the paper in details.

Introduction

A patient will not be able to control a multifunctional upper-
extremity prosthesis unless it is concelved as a complex control
system and carefully designed to fulfill specific requirements.
This is a result of the complexity of the actual prosthesis as
well as the inabllity of the patient to genrate a sufficient num-
ber of simultaneocus volitional signals necessary for controlling
the prosthesis. The purpose of the contrcl system is not only to
enable the patient to control the prosthesis but also to make
this task as easy as possible. Generally, this can be accampli-
shed if the control system:

(a) Reduces the number of voliticnal signals which the pati-
ent must generate to control the prosthesis in such a way that,
regarding its rehabilitory capacity, there is no essential loss
in the contrellability of the system within the natural bounds
of motion of the arm,-

(b) Enables a sufficiently simple method of generating voli-
tional signals and a2 sufficiently simple relationship between
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the state of the prosthesis and these signals, providing that
this relationship should, to the greatest possible degree, cor-
respound to the natural perception of space and control of com-
plex arm mouvements.

(¢} Enables adaptivity of the system or at least a reduction
of its sensitivity to dominant external disturbance.

In ordaf for a control system to have these capabilities a
corresponding signal transformation is requiréd, particularly,
a transformation of volitional input signals inte control sig-
nals. Apparently, the extent and the compexity of the transfor- -
mation depends upon the strictness of the desired specifications.
It is particularly evident that the need to reduce the controlla-
bility of the system and the complexity of the signal transforma-—
tion will be lesser if the number of volitional slgnals is gre-~
ater,

On the other hand, due to practical reasons, the necessary
signal transformation must not be too complicated nor too exten-
sive since that would require a Process computer with an appro-~
priate capacity which is not compatible with the objective and
the way of use of an upper-extremity prosthesis,

On the basis of these canclusions, in order to obtain a com-
promising solution, the development of the multifunctional above-
elbow arm prosthesis system proceeded under the following assum-—
ptions:

= By careful selection of the location and the method for ge~
nerating volitional -signal and using simple relationship between
the state of the prosthesis and these signals the patient shou.d
be able to easily realize and make efficient use of a large nuni-
ber of continuous and discrete signals.

=~ The controllability of the system should be retained to a
level which is relevant considerring the rehabilitory capacity
of the prosthesis.

-~ The transformation of volitional into control signals should
be as simple as possible, even if this means that precise control
of the prosthesis along the most suitable trajectories must be
discarded if necessary.

- The sensitivity of the system to the most dominant external

. o
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Class of Patients for which the Prosthesis is Intended

The prosthesis is intended for patlents with above—elbow am-—
putations. The amputations can be either unilateral or bilateral.
It is assumed that the amputation of the arm ‘is such that the
free length from the end of the stump to the artificial albow
is at least 10 an long. Finally, it is assumed that the patient
can perform the following movements with the stump: elevation -~
depression, extension - flexion and medial - lateral rotation,

even If only for very small angles.

Hardware Concept for the Prosthesis

The hardware part of the prosthesis is of a modular type. The-
se modules are: the supporting part wich carries the prosthesis,
the above-elbow part, the elbow, the forearm and the hand prosthe~
sis. These modules could be independently interchanged.

The prosthesis rest on the shoulder, on the corresponding side
of the body. The supporting part is constructed so that the ac—
tual shoulder joint is as free as possible, in order to enable
the patient to execute unrestricted stuﬁp movements.

The prosthesis has the following active movements (the nota-—
tion and the total angle of the movement are given):
B ~ rotation of the above-elbow part (180°)

B2 ~ elbow flexion — extension {135%)
84 - supination - pronation {1359)
839 - wrist flexion ~ extemsion (60%)
84 - prehension -

Complet controllability of the system within the natural bo-
uhds of motion of the arm would require twoe independent active
movements of the wrist joint and a greater number of degrees of
freedom of the hand prosthesis. However, this would make the
control problem very difficult. In order to simplify the control
problem, the controllability of the system is somewhat reduced
because wrist flexion is mechanically and therefore, functionally
linked with supination - pronation or, formally,

Big = BA,



wiere A is an adjustable parameter. Hence, wrist flexion is not
an independent degree of freedom sc that the static state of the
prosthesis is determined by

=< T
B =18, 8, 85 8,]

In order to realize the movements mentioned above, four ser-
vo-metorsg are installed in the arm prosthesis.

Lower Level of the Control System

One of the requirments mentioned is the reduction of the
system sensitivity to the most dominant external distrubances.
Taking into account that the basic control objective is to bring
the prosthesis into a desired state, the most important exter-
nal disturbances of the static and dynamic performance of the
system are:

- the influence of the gravitational forces on the prosthe-
sis as well as on the objects which are carried by the prosthe-
sis,

= the influence of other external forces and torgues which
the prosthesis must overcome while performing the desired acti-
vities.

In order to reduce the sensitivity of the system to these dig-
turbances, the active ﬁovements, that is control of the appropri-
ate servo-motors is realized by way of servomechanisms. This
system, consisting of four servomechanisms, is the lower level
of the control system.

Since the servomechanisms are stable and with a sufficient? -
fast response considreing the required speed of movement then
the influence of the internal inertial and other opposing force s
and torques, i.e. the dynamics of the actual system, can be ne-
glected with little loss of dccuracy. Therefore, the lower control

level can be represented statically with sufficient precusion by
the algebraic relation:

3= Ku

where
= _ L . T
BTy Uy Gy ugl



177

is the control signal vector which acts at the input of the ser—
voamechanisms, and

XK, 0 0 0
x={9 K 0 0
0 0 K3 O

0 0 0 Ky

is the galn—factor matrix. The constants Kp. (k=1,2,3,4) are de-
termined from: :

g
K, = Xk _max , (k =1,2,3,4)

where: Bk s (k = 1,2,3,4) is the total angle of the active
movements and u__. is the maximal value of the components of the
control signal vector u.

Generation of Volitional Signals

In order to control the prosthesis the patient has to realize
a set of volitional signals which are suitably transformed into
components of the contreol signal vector u. Special care was taken
with this problem since it is one of the most delicate problems
which concerns the solution of upper-extremity multifunctional
prosthesis. By suitable cholce of locations and the method of
generating these signals it was attempted to enable the patient
to. relatively easily realize a larger number of simultaneous
signals. The movements which the patient can realize with his
stump and shoulder praved as an extremely efficient method for
genereting these signals. In accord with the general solution
of the control system is was decided that the patient should
realize four continucus and one discrete signal.

For controling the arm prosthesis, exepting the hand prosthe-
sis, three continuous signals are used which the patient gene-
rates by- ’

a, = small medial - lateral rotation of the stump

a, = elevation - depression of the stump

@y — extension = flexion of the stump

These signals are cbtained Ffrom Ffransducere e ot 4 o oo
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wuilt into the supporting part of the prosthesis. Hence, by mo-
ving the stump, the patient performs elevation - depression and
extension - flexion of the complete prosthesis, and concurrently
generates volitional signals for all active movements of the
proéthesis exept for prehension. The stump movements with which

Fig. 1.
5 - stunp P = above-elbow arm prosthesils
A ~ shoulder Joint a = above-elbow part of the prosthesis
3 - elbow joint b - forearm of the prosthesis
C = wrist joint ¢ - nand prosthesis
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the volitional signals Oy s {(k = 1,2,3) are realized, the active
movements of the prosthesis Sk' {k = 1,2,3) and the adopted po-
sitive directions of the movements are shown in Fig. 1.

In order to control the hand prostnesis, the patient has tec
generate an additional volitional -control signal (34) in the
region of the shoulder. The method of generating this sigrnal de-
pends on the type of the hand prosthesis used and will be descri-

bed in detail in a special section.

For the control philosophy adopted a discrete signal with twe
states is also necessary

u, = {o, 1}

The patient realize this signal by a movement of the shoulder
activating a contact-switch which is bullt into the supporting
part of the prostesis.

Fxpepting this discrete signal, the set of volitiocnal signals
can be written as an input signal vector:

& = [a) ay ay ay]7

Higher level of the Control System

The task of the higher level of the control system is to tran-
sform the input signal vector a4 in a suitable way into the con-
trol signal vector u, which acts upon tﬁe inputs of the servo-
mechanisms. Generally, this rapid electronic processing of in-
put signals into control signals, can be represented as

u = F(a)

Since the action of the lower level of the control system,
that is the servomechanisms, 1s described by

B=Kau

it directly results that the complete control ‘system can be des-
cribed staticlly by

B = KF(m)

and can by répresented by the block dlagram in Fig, 2.
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Fig. 2,

Let us consider the stump and the prosthesis as a unique com~
posed system. On the basis of all that has been said, the sta-
tic state of these system would be defined by the vector

= . T

Because of the dependence of the'prosthesis state vector E
on the input signal vector o, it comes out that a unique fun-
ctional relation existes:

Yy = y(a)

Bearing in mind that the volitional signal a,, which is the
only one not genereted by a stump movement, 1is intended solely
for controling the hand brosthesis, it can be easily cencluded
that the position and movement of the whole composed stump-pros-
thesis system, particularly the position and orientation of the
hand prosthesis in space and its motion, will be unigquely defi-
ned by the position and motion of the stump. This fact should
enable the patient easy control of the prosthesis.
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Conversely, a consistent preordanied functional ;elationship
between the input signal vector @ and the prbsthesis state vec—
tor B represents a contraint upon the controllability of the
system, as a consegquence of the physical connection between the
prosthesis and the stump. This can be formally concluded also
from the fact that the state vector of the composed system y is
six~dimensional whereas the input signal vector a dis four-dimen-

sional.

In order to eleminate these shortcomings and to enable the
patient +o have éufficientlconscious cout:ol in selecting the
trajectory azlong which he is guiding the prosthesis to the de-
sired position, as well as controlling the desired hand orienta-
tion in space, tree different transformation of the input signal
vector & into the state vector of the‘brosthesis § were adopted.
The patient has the posibility to select, at any moment, the mo-
de of input signal transformation. This is accomplished with the
discret signal a,. This signal is transformed by a cyclic shift-
register into another discrete signal u, with three possible
states:

u, = {1, 2, 3}

' The signal u, acts upon an electronic switching system so that
the signal transformation mode 1s determined by the state of the
signal u,. According to this, the final concept. of the prosthe-
sis control system could be represented by the bhlock diagram in
Fig. 3.

During the execution of a movement, by successively selecting
‘the signal transformation mode the patient could guide the pro-
sthesis approximately along the desired trajectory to the desi-
red final position, keeping at the same time, a desired orienta~
tion of the hand in space.

It can now be seen that the advantage of the adopted control
concept lies in the fact that the patient can control the whole
prosthesis, exept for the hand prosthesis merely by moving the
stump and using a single additional discrete signal chtained by
engaging a contact-switch. Movements of individual parts of the
prosthesis are automatically synchronized. It is reascnable to
assume that, in time (i.e. with training), the patient would
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accept on his synergic level, the functional relationship bet-
ween stump and prosthesis motions, providing that this relation-

ship is simple enough.
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Fig. 3.

Signal Processin

In order to select suitable transformation of the input sig-
nal vector @ into the control signal vector u extensive experi-
mental reserch was performed. This experimentation was perfor-
med using an anthropombrphic manipulater and a Varian 620/i di-
gital computer. On the basis of the results of the experiments
the simplest types of linear signal *transformations were finally
adopted:

4 = Fi(an = Aia + B, (L=1,2,3
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‘that 1s,

B =R, (T) = X2, + KB, (1=1,2,3)

since this resulted in the éimplest relationship between the
prosthesis state vector and the volitional input signals, which
igs, due to the reasons explanied earilier, one of the basi? re=
quirements for easy control of the prosthesis. '

For the same reason, the following matrices KAi, (1 =1,2,3)

and KB;, (1 = 1,2,3) were chosen for the individual signal tran-
sformations:
'rc1 o 0 0 rﬂl(tj) - clal(tj)
KA, = 1] c, 0 0O X8, = 32 (tj) - Czqz(tj}
o0 0 Cy 0 &3 (tj} - €303 (tj}
o 0 0 cy - g -
0-0 0 Bl(tj)
K, = ¢ 0 0 KB, = Bz(tj}
0 0 0 < L 0 )
"¢, 0 0 0 | (B, (t.) - e @, (£,)]
1 155 1713
KA, = 0-c30 0 | KB, = thtj) = Cy%;(ty)
0 0 0 Cy L 1]

were tj, {j =1,2,...) designates the moments prior to switshing
between signal transformation nodes, and @, (t Yo (k= 1,2,3)
and Bk(tj}, {(k = 1,2,3), the corresponding 1nput signals and
angles of the prostesis at that moment respectively. Evidently,
the matrices KB, , (i = 1,2,3) are introduced to ensure that the
prosthesis will not change its position at the moment of switc—
hing from one signal transformation mocde to another.

A brief analysis of the matrices KA (1 = 1,2,3) reveals
that the signal transformations adopted yield a very simple re-
lationship between stump and yrosthesis movements.

In case of signal transformation mode (1) the following rela-
tionships exist:
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- a small medial - lateral rotation of the stump {al) causes
a proportionally amplified rotation of the above-elbow part of
the prosthesis (31};

~ elevation of the stump (az) causes elbow flexion {62) and
depression - elbow extension; _

- extension - flexion of the stump {33) causes simultaneous
supination - pronation of the forearm (8,) and wrist flexion
{844} 4 '

- the vatient controls the hand prosthesis (i.e. prehension
Bs}+ as alredy mentioned with a separate signal (c4) generated
in the region of the corresponding shoulder.

For signal transformation mode (3}, the same relationships
exist hetween stump and prosthesilis movements, except that ele-
vation of the stump (a,) causes elbow extension (-B8,) whereas a
motion in opposite direction results in elbow flexion.

Finally, for signal transformation mode {2} stump motion does
not activate the prosthesis. Therefore, this mode enables the
patient to change the position of the prosthesis, without chang-
ing the angles Bk' (k = 1,2,3). However, the patient can still
control the hand prosthesis.

Scme Experimental Results

Fxperiments performed with the control system described in-
dicated that it 1s possible to chouse such values for the con-
stants Cpr {(k = 1,2,3,4) that it becomes relatively simple to
contrel the prosthesis, that is, to bring the hand prosthesis
into the desired position in space, moving it approximately
along a desired trajectory, controlling at the same time the
orientation of the hand prosthesis in space.

If only terminal orientation of the hand prosthesis was requ-
ired, a single movement lastest not leonger than 5 seconds, with
a maximum of two changes in signal transformation modes at ap-
proprilately selected moments. Hawever, 1f continuous hand ori-
entation was required along the whole manipulator trajectory,
execution of movements was slawer, due to the greater number of

-ignal transformation mode changes and the greater concentration

LY
T et ot e om v m e f v i b B m W e e o o e - m o a e e
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vement and the number of signal transformation mode changes to
a great extend on the initial and the desired final state of the

prosthesis.

Since the appropriate values of the constants cp (k =1,2,3)
depend on the mobility of the stump, the system is realized so
that it is possible to adjust these constants within a wide in-
terval of values. As a result the prosthesis can be adapted to
individual patients, according to thelr capabilities and requi-

rements.

The Hand Prosthesis

Since the prosthesis i1s of the modular type, there is no dif-
ficulty (exept for minimal adaptations) in connecting any of the
existing externally powered hand prosthesis on the market. Accor-
dingly, reserch was performed with two different hand prosthesis:
the Belgrade hand prosthesis and the Otto Bock myc—electric hand
prosthesis. These two types were selected because, from the aspect
of contrel, they belong to different groups. The Belgrade Hand
prosthesis is a multifunctional hand prosthesis which is contrcl-
led by a signal from a transducer of the potentiometer type, while
the Otto Bock hand prosthesis has myo-electric control.

When the Belgrade hand prosthesis was used, the volitional
signal for controlling it {a4) was obtained fram the potentiome-~
tric transducer which was on one side connected to the suppor-
ting part of the prosthesis, and the other to a belt tied ahout
the waist. The patient acts upon the potentiometer by a slight
shrugging of the shoulder.

In case of the Otto Bock prosthesls, the myo-electric signal
{a4] can be obtained from electrodes set obove the pectoralis
major - pars abdominalis muscle.

The Hardware of the Prosthesis System

(a) Supporting part

The support which servs to carry the prosthesis and, of the
same time, enables the generation of volitional signals is shown
in Fig. 4. This unit consists of:
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Fig. 4.

- the basic support with suspenders (1),

- a revolving ring with a buil-in potentiometer for generating
volitional signal a,(2),

- support levers (3) with a potentlometer (5} for generating
voliticnal signal U,

- two concentric revolvable rings with a bullt-in potentiome-
ter for generation volitional signal a;{4).

{b) Above~elbow arm prosthesis

The above-elbow arm prosthesis is shown in Fig. 5. It is of
a modular type. The modules are.

- supporﬁing part (1)

- above=-elbow part {2)

- elbow (3}

~ forearm {4}

- hand prosthesis (5)

This experimental model of the prosthesis is covered hy a
plastic sporgy covering which is not shown in Fig. 5. since it has
been removed. The total weight of the prosthesis is 2.9 kg,
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5.

Fig.
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(é} Electronics

The electronic¢ part of the prosthesis control system consists
of a input signals processor, four servoamplifiers and a voltage
stabilizer. The compelte electronic system is 12 cm x 14 cm x 18
em and together with the box welghts 1.4 kg.

As a power supply for the prosthesis control system a b.C.
voltage of 24 V 135 required, During the¢ execution of movements
the average power consumation 1s- approximately 24 W, As a volta-
ge source dry-cell bhatterles are used.

Associates and Financial Support

Development of the prosthesis and the research were performed
a the Mihailo Pupin Institute in Belgrade, The project was fi-
nanced by the Social and Rehabilitation Service, Washington,
P.C., U.S.A.

During research on the project I have often had dicussions _
with Dr Mom&ilo Gavrilovidé. His suggestions during these exchan-
ges were very helpful. Dr Zoran Stojilikovié devloped the elec-
tronics for the control system, and all computer programs for tha
experimental research were done by Katarina Dujmovié, B.Sc. The
hardware part of the'prosthesis-was realized with the help of
technicians Zivojin. Stejanovid¢ and Danilo Popovid I am grateful
to all of them for their assistance.
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