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ABSTRACT

Externally powered upper—extrémity prostheses have been madé
for various levels o% amputations.. While some degree of success
and 'abceptance of the prostheses have been obtained for below-
elbow éﬁputations, prostheses for Higher levels of amputation
have a much po&rer record of'pser acceptance. The most importanf
reason for the rejection is_oﬁéen ignored and it is the fact that
the 'majority of externally powered multi-functional prostheseg
are under open-loop control. As a consequence of this, the opera-
tion of these prosthesesrrequires intense concentration of their
users and constant visual monitoring. In other words no sub-

conscious movement is possible.

This thesis reports the work done on the application of a
control scheme, known as "Extended Physioclogical Proprioception",
to_a prosthesis. This control scheme makes use of the, inherent

proprlnceptlve feedbacé\\fesent within an intact joint to provide
~.
closed~ﬁoop control.

¢

The prosthesis under consideration is for above-elbow ampu-
— ’ ' ’

tees. It has electric powered wrist and elbow joints. The pro-

——

posed technique is to control the positioning of this prosthesis

using the motion of the intact shoulder. The relationsnip between
input (shoulder position) and output (wrist and elbow positions)
is set according to a program or linkage stored in a micro-

computer memory.- A repertoire of linkages are provided to the

user so that different tasks can be performed.



It is - expected that the use of Extended Physiological
Proprioception will help to reduce considerably the necessary
user concentration to operate " the prosthesis, so that

subconscious operation becomes possible.
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INTRODUCTICN
This report discusses the research works concerning the
design and realization of a prosthesis for an above-elbow ampu-
tee. It -~has been assumed that the amputee has a relatively long
rm stump on which the prosthesis can be fixed. The descri?ed

device will replace part of the arm, the elbow, the forearm, the

wrist and the hand. R

A brosthesis is a technical product made to serve the ampu-

b

tee. It can never be a total spbstitute for the lost part of an
extremiggfkThe purpose of the device is to provide éome functiéns
important to the patient, however it should at the same time be
comfortabhle to wear, easy to use, reliable and fully under the
control of its operator. Almost all the above features were

present 1n early prostheses using body power to control the
L

functions of the artificial arm. These prostheses ‘were, in

-fact, extremely simple; They used either rounding of the back or

shoulder shrug to operate a Bowden cable that activated the

artificial limb.

" Simpson described a body powered prosthesis as follows [1]:
" A Dbody powered prosthesis for the above-elbow amputee is
usually provided with a flexible elbow.énd a prehension hook

mounted on a friction turntable To enable < passive wrist



rotation. Both the elbow and: the hook are activated by
rounding the shoulders to tighten a strap, thus pulling
the Béwden cable. A shoulder activated merhanical switch locks
the elbow in place allowing further ahoulder action to
perform the hook opening. Elbow extension uses gravity and the
hook is spring loaded in the closed position."

Unfortunately,'#'body powered 'prpgtheses had drawbacks and
limitations that were difficult, if not impossible, to solve

:since they were inherent to the use of'body power itself. Among

the major disadvantages were:

-the need for excessive harnesses to support . and operate

the prosthesis.

-the impoésibility of having coordinated motions, as

' the elbow and hook could not move at the same time.

-the impossibility of wusing this kind of proéthesis on
subjects with high levels of amputation (among; which we
include congenital amputations caused by the drug Thalido-
mide}, such as bilateral amelia, since wide amplitude body
movements are not, in these cases, available to powér the

system.

—

Use of external power for the prpsthesig was the obvious
solution to these problems. Two major sources of power that have
Qfen considered are pnéumatic and electric ( as a third option
electro-hydrauiic systems -are now also considered; because of
their potential _@dvantage of developing high torque in small

actuators). ‘However, pneumatic systems never gained popularity



"

in the U.Ss. because of ' strict’ government standards on

cannisters .of gas that had to be made of steel, which addéd to
the weight [2].
Oppos;d to compréssed gas, electrical power can be stored

cheaply, more éafely, and with greater density than gas power

"[3]. Also, the control possibilities offered by electronic cir-

, \ , # '
cuits have given electrical systems an advantage. Nevertheless,
electrical actuators remain heavy and only major progress in

the design of electric motors and gearing systems will be able

~

] ~
to prévide researchers with an adequate tool that can challenge

more efficient actuators such as pneumatic or hydraulic ones.

- In the coordinated motion of a human upper-extremity, body,

shoulder, and arm freguently functicn together to put the hand

in the proper spatial, location for doing its work.. This

involves simultaneous control of several degrees of freedom.

With intact subjects, coordinated movements are stored in memory
(in a way which is not yet fully understood) and can be performed

Y

subconsciously without undue concentration [4]. The problem of
controlli%g simultaneously several deéfees of freedom becomes
more involved when it has to be performed.in a conscious man-
ner. It is believed that, as the number of degrees og freedom (or
joints) incréases, ‘the complexity in the coordinated control of’
fhesé joints also increases,”but in a non-linear way.

The control of muitiple degrees of freedom artificial limbs
\

has been the concern of prosthetics researchers for the past few

. decades. Various options have been investigated, most of them



a,

—

involve the use of the éctivity of physiological sites to control
the prosthesis. These activities can either be electrical (£he
1ow-ievel signals from biological sites such as myoelectric acti-
vity, or EﬁG ) or mechanical (the mechanical displacement of a

joint) as exposed below.

when using mechanical input,” or biomechanical control, the

force and/or displacement of a limb is used to control the meotion

"of the prosthesis. A small displacement of the given limb, also

A called the input limb, induces a comparable displacement of the

prosthesis. A large displacement of the input limb causes a wide
amplitude movement of the prosthesis. This mode of control has a
lot of advantageéﬁ It provides a possibility to feedback the

information about force, position and velocity of the prosthetic

device directly to the controlﬁsite, which does not seem possible

when mygoelectric control is used. Biomechanical control also’

supplies the prosthésis with a non-corrupted (i.e without noise)

type of information which does not require any processing before
i e

it can be used by the prosthesis control system, which againn as

we shail see, 1is not the ouse ih myoelectric control. Amcong the

various biomechanical control sites that have been investi-

gated, the best results seem to be obtained when using shoulder

flexion-extension or abduction-adduction, or cilavicular movements

for shoulder disarticulation amputees.

Myoelectric control cbnsists of capturing EMG signals
emanating from the muscles and using them to control the prosthe-
sis. Traditionaliy, designers have approachgd the control problem

on a one-muscle-for-one motion basis; that is, a discrete muscle

DN

S
e



site is used to eonerol.a given joint: The more joints there are
the more the muscles sites that are needed. This approagh was
quite adequate when oely cne or two degrees of freedom were to be
controlled. However, as. the nuﬁber of degrees of‘ freedom -in-
creased, the quality of this method stagnated because of the
additional levels of skill and attention needed to perform.tasks

(5]. -

A more recent apprcach is to consider the EMG signals from th
point of view of a synergetic group of muscles. It is believéd
that to each limb function {i.e elbow bending, eibow extension,
wrist pronation, wfist-supination etc:) is associated a defined
EMG pattern, thus, .if an accurete discriminatioe between these
patterns can be performed each of éhem can be used to contrel one
degree of freedom of the prosthesfs. "However; discriminatiopT‘
‘between the wvarious 1limb functions to aéhieve fast control
for practical aspects is not simple. Different methods. wefe
proposed to solve this problem [6] and they will be exposed in

the coming chapter.

—

Various strateglies are available to control an exte?nally
.powered multifunctional prosthesis but, as we shall discover in
the following eection, only few of them can pretend to Iallew
transfer ef information not only from man to prosthesis but

also from prosthesis to man, which is very important.

N



CHAPTER I

OVERVIEW ON THE CONTROL OF MULTIFUNCTIONAL ARTIFICIAL
\ .

UPPER EXTREMITIES

1.1 Some proposed control strategies 4

According to a survey.published by D.S. Childress in a paper
entitled : " Historical Aspects of powered Liﬁb prostheses "
powered limﬁs have existed since 1915 [2]. But it is only with
the\ advent of the transistor that electric powered limbs could
really be developed and considered as beingla potentially wuseful
tool in prosthgtic app%ications.- However, as suprising as it hay
seem, powered prostheses nevef gained popularity and only a small
number of patients actually used myoelectric-controlled electric
hands. Passive devices such as the well known hook or aesthetic
dummy limbs, are fitted far more often and are better accepted by
amputees. The major reason for the rejection of powered pros-

theses is believed to lie in the control strategy [7].

The mosgkelegant way to control an electric prosthesis would
be to use the electrical signals sent by the brain. These signals
can be captured at the stump site (for example an above-elbow
amputee) where they take the form of Electromyographic (EMG)
signals. (EMG signals result from the contraction or expansion of
ﬁuscular tissues in Eésponse to brain stimuli)}. It is believed
that these EMG signals form patterns that are distinguishable

with regard to the intended motion. In-depth studies were made on
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-

the information éontent of these signals and algorithms were
developed to use computers in the myoelecﬁric control ofipowered
prostheseg. Recent advances in technology, such as the dévelop- .
ment of powerful microprocessors,.have made the on-line analysis
of the EMG patterns possible. Basically, the information obtained
from .the analysis, of these patterns is used to control the

various degrees of freedom of the artificial arm.

There are two well-known approaches that utilize this mode
of control. The first ,‘ based on the work of Lawrence [Bj, éf
Lyman et al [9]), or Jacobsen and Mann [19], requires mapping of
signals from many (usually ﬁore than ten) electrode sites, at
each of which the EMG function is strongly correlated with a
single limb function. The signals emanating from these sites are
weighted and aﬁalyzed to detefmine what action the prosthgsis
(the artificial arm) should take. This can be done since the
forces involved, for examplg, in lifting an object - are transmit-
ted through the musculoskeletal system of the arm and shoulder.
The muscles of the upper arm and shoulder are, therefore, engaged
in a " symphoni;-type activity" related to the particular actions
of ;he arm., It 1is believea that this activity can still be
brought about after amputation, since in a large numbexr of cases,
the amputees retain a residual image of the_ lost 1limbs, oftén
complete with sensations. The purpose of the multiple electrodé
sites and decision network is to determine what "tune" the mus-
cles are playving and translate it into the appropriate motion of
the artificial arm [11]. It is readily seen from the above des-

cription that this approach is not practical, because it requires



too many electrode sites and precise positioning of these elec-
, trodes each time the prosthesis is to be worn, and also, the

system is totally open-loop.

The second approach, based on Graupe et al [6], requires
betwéen one and three electrode sites which are used to control

~

five limb functions. In this system, the complete spectral'infor—

— J—

mation of the EMG signal is used; which makes it more optimal-
linear in terms of information utilization as opposed to the first
approach discussed. Function discrimination is achieved using an
Auto-Regressive Moving Average (ARMA) identification algorithm.
The reported discrimination success rate is 85 percent which is
too low for‘é prosthesis to be acceptable, since this means that
15 percent of the time the amputee will not be in full contrel of
his prosthesis which can result in hazardous situations. Also,
uncertainty in operations leads the amputee to avoid the use of

- the prosthesis.

In the above mentioned approaches, some work was done ﬁo
provide the amputee wifh sensory feedback, through the use of
electrotactile stimuli. However, these systems can be considered
in effect open-lcop as this form of display, while useful to some
exteﬂt for force feedback, is totally inadequate{ggra means of
supplying position information. An ampugee wearing an EMG con-
trolled prosthesis would have togrely solely on visual feedback in
order to know where his terminal device (the hand) is moving in
space. This, in turn, may require considerable concentration by

the user and hence, with multijoint control, this may put

'
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considerable mental burden on the’patient to operate the prosthe-
sis. It must be noted, at this point,‘that in all systems where
the use of so called "unnatural" feedback (such as the one des-
cribed in the above mentioned example) [7] have been tried, in

- vast majority of cases, they have been rejected by their users.

-

-

'éome ‘other problems'related to the use of EMG signals are
the tremendous amount of signal processing required to extract
the desired information. This in turn causes : on—linehanalysis
to be very slow {more than 200 milliseﬁonds) and make self-
containment of the‘prosthesis impassible, because the amount - of
electronic hardware required is excessive to fiﬁ—eﬁtirely in the

prosthesis forcing the user to carry part of it in his pocket or

attached to his body.

Fortunately, there are other controlling methods to achieve
coordinated motions in multifunctional (or multijointgd) arti-
ficial prostheses. These methods are certainly less elegant but
more promising than mycelectric control. One of them, first
proposed by D.C. Simpson [4] and termed by him : " Extended
‘Physioloéical Proprioception " (e.p.p.}, involves the use of an
intact-joint as the input to the system. Thé.prosthesis is used
as a mechanical extension of the body.

In the principle of e.p.p. tﬁere ¥s 'always a one-to-one
relationship between the inpuﬁ (the intact joint) and the output
(the prpStHesis): In this way, the intact joint can be used as a
bidirectional channel passing - cémmand information from the

biclogical side to the artificial system and returning back to



the central nervous system information about motion,-vélocity and
position of the prosthesis. This principle is supporfed by many
observ&tions. The stick of the blind person and the racquet of
‘the tennis player are gxamples'of mechanical extensions to a
natural system. The person learns to associate the posigion of
his body joiﬁts with the position ;f the artificial extension
{the stick or the racquet) which ‘then provide him with
subconscious control and (extended) physiological-proprioéeption.
As Polanyi [4] says :

"... The way we use a hammer or a blind‘man uses his stick, shows

in fact that in both cases we shift outwards the point at which

we make contact with the things that we observe as objects

outside—eurselves. While we rely on a tool or a probe, these are

t

not handled as external objects. We may test the tool for its
effectiveness or the probe for its suitability, e.g. in

discovering the hidden details of a cavity, but the tool and the

probe can never lie in the field of these opérations; they remain

necessarily on our side of 'it, forming part of ourselves, the
operating person. We pour ourselves into them and assimilate them

L

as parts of our own existence. "

In intrbduéing the principle of e.p.p., Simpson stated as
one of its fundamental rules that for the control to be preserved
at all time, the input should not be al;owed to move faster or
further than the prosthesis can follow.' The necessity of this
feature, termed by Simpson the "unbeatable servo" [12], is to
preserve a ‘one-to-one relationship between input'and output so

that the amputee never has to look at his terminal device (his

10

L

\
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hand) to know exactly where it is in space. With this, a 100

percent success rate in positioning the prosthesis can be

v

achieved.
.
fn the next section we shall have a look at the advantages

and limitations ' when using the e.p.p. mode of control in the

design of a multifunctional above-elbow pfosthesis.

-~

+
1.2 -The Above-elbow Prosthesis Control Strategy.

Innovations in microelectronics and computer aided wmecha-
nical design {CAMD) have greatly enhanced the field of prosthe-
tics. These technical innovétions of the past decade have
proyided us with%xtremely powerful tools such as microproces-
SOrsy microcontroliers and digital signal processors which are
priceless iﬁstrumengslfor research and development. However, even
with the introduction sf these technically sophisticated mechani-
cal (CAMD) and electronic systems, it woula be totally unrealis-
tic to think that, today, a '"bionic arm" incorpo rating all the

T

movements and dexterity of a human arm could be realized.

In their struggle to find a solution to the replacement of
lost 1£gbs, many researchers have created prostheses which are
very sophisticated from both technical and aesthetical points of
view, and which mimic-as closely as possible the natural limbs.
For example, ;n the previous section, the work done on EMG con-
trolled multifurictional prostheses‘was mentioned. These pros-
theses, undoubtedly, make use of the near-ideal form of control,
but they can be efficiently operated only by‘the researchers or

11



gxperts that have conceived them. 'Unfortupately, these designs-
remain technical masterpieces with little practical value as they
do not provide the amputee with a simple enough tool that can be
reliable, easy .to learn, and easy to use. As a consequence of
this, their level of acceptance among amputées is extremely low.

On the contrary, simple prostheses such as the body powered Wook

have gained extreme popularity among amputees and such devices

are still in widespread use.

In the 1light of these observations, Gibbons and O0O'Riain
stated lin the early eighties that, with the available present
tcchnolbgy, and\ in tHe context of 'unilateral amputation, an
above-elbow prosthesié cannot efficiently act as a%total replace-
ment for the lost limb. It could, on the contrary, act as a
useful assistant to the remaining (valid) arm for-most of the

normal daily activities.

- It 1is. amazing how simple daily tasks can be difficult to
execute with one hand while extremely easy when done with two.
One cén think, for example, of the act of drawing a straight line
_ using a pencil and a ruler. The exercise becomes tediocus if only
one hand is used. The difficulty arises because two different
eniitieé, iie the pencil and the ruler, have to be positioned
separately and moved one against the other as the line is drawn.
The need for a second hahd is obvious in this example, But it can
also be noted that the so called "assistant hand" does not have
to be skilled, if it can hold the pencil in the upright position
or. if it can apply pressure on the ruler then the line will be

easily drawn. Gibbons and O'Riain also observed that many tasks

12
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are often repetitive (such as ironing, sweeping, operating a
bench saw or a drill press)} and involve the simultaneous use of
two or moré'joints; for example when operating a bench saw coor-

dinated motion of shoulder and elbow is required.

On the basis of these observations Gibbons and O'Riain set. the

design criteria for our above-elbow prosthesis. These are out-

lined below:

(1) - The prosthesis will not be conceived to be a complete
substitute for the lost limpb, 1its purpose will be to

’ ‘help and assist the valid hand for certain tasks.

(ii) -~ For security reasons the amputee should always be in
full control of the prosthesis and it'shoﬁld provide
him with constant position, velocity and force feed-
back in a so called "natural" manner so that the

operation of the device can  be performed subcon-

sciously.

{1ii)- The prosthesis should be self contained, which means
2

that the control circuitry and power source must all

fit in the prosthesis housing so that the amputee

does not have to carry any of it in his pockets or

attached to his body.

In setting these priorities it was hoped that an easy-to-learn,

. easy-to-use prosthesis could be realized, which, in turn, would

.

13



contribute to a better acceptance among amputees.

In the previous chapter it was shown that myoelectric con-
trel (EMG) could no£, as it now stands, be used efficienply for
the control of multijoint prostheses. Lack ;f "natural-type"
feedback and non-ideal positioning success rate {100 % is the
ideal one) were the major drawbacks of this mode of control. It
must be kept in mind, however, that mycelectric contro% één\be
improved (as technology advances) and if it is combined with some
" form of proprioceptive feedback then it might become the soluéidﬁ
for future prostheses. For the time being, using an intact joint
fo'provide congkol and -proprioceptive information for the artifi-
cial arm seems to be the best solution. Body powered prosthesis
and Simpson's body controlled gas powered prostheses are concrete
proof of the validity of this approach. That is whg Gibbons and
O'Riain decided t; use the principle of extended ﬁhysiological

pfoprioception (e.p.p.) as the control modality for our electri-

cally powered above-elbow prosthesis. However they decided to use

a modified form of e.p.p..

In conventional e.p.p., every prosthetic¢ joint should be
coné?olled by a natural_joint [13]. Motion of the joints of the
progthesis can be-accoﬁplished by moving a specific body - joint
for each artificial joint being contreclled. But, it was felt that
the coordinated motion of several joints moving simultaneocusly
could require too much concentration from the amputee, which
would , in essence, violate the initial objectives. That is why a

modification to conventional e.p.p. was proposed. It involves the

N 14
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§ natural. S

use of one intact joint to control all the joints of,thé - pros-
thesis. The motion of the intact joint will result in the coordi-
nated motion of two or more prostheﬁic joints. Thus the prosthe-
tic jointsdwill be, in effect, Glinked" one to each other, and by
insuring a one-to-one relationship between input (shoulder) and
output (elbow and wrist joints); the amputee will be able to
associate the position of his intact 1imb (shoulder joint} with
the position in space of the prosthesis. Thus at all ﬁimes the
amputee will know whereihis prosthesis is without having to look
at it. This will relieve the amputee from having to concentfate

too much when performing coordinated motions.

4

Gibbons and 0'Riain not only focused on the practical as-

pects of the prosthesis but also on the aesthetic point of view.

-

They decided to use the shoulder joint.as the input to the sys-
tem, although other joints were available. The reason behind this
’}s related to the fact that movements of upper-extremities often

require the coordinated motion of the hand, elbow and shoulder.

4

Thus, by wusing the shoulder as the contreolling input, the

movements oﬁ\ the prosthesis look 1less mechanical and more
Fl /‘

The shoulder, flexion/extension is the only parameter used to

position the prosthesis. Thus, movements of the hand or elbow not

.

involving that of the shoulder cannotyﬁe performéd. In this case,
if such movements are frequent for a particular individual,
claﬁicular joint movement or chest expansion can be appropriately

-

used as the prime input toc the system.
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In systems using e.p.p. such as body powered prostheses
using Bowden cibles,  there is only égg linkage between C

output - which is fixéd by the mechanical constraints of thé pros-
thesis. Such prostheses have proven successful because they are
easy to use, reliable and fuily under the' control of their
operator [7]. However, it was decided that one linkage was not
enough. Thus to overcome the mechanical constraiﬁts of the ear-
lier prostheses we decided to put our system under microprocéssor
control so as to provide a repertecire of movements, also called
linkages, to the user.lAll the ampuEee has to do is select cne of

i

the linkages to perform a given task(fsince we are concerned only

¥ .
S

with unilateral amputation, switching between different linkages

will be activated by the intact hand. Because the-aftificiai arm
}s only an assistant to the valid arm, it is anticipated that it
will only be used mainly to position and hold objects while the
normal hand is working on them. In addition, it may be used in
repetitive tasks. ihus frequent switching between-different lin-

kages will not be necessary. a

The linkages are stored in the micrbprocessor memery which allows
them to be tailored to the specific needs of the amputee.

The inpuﬁ to the microprocessor is provided by a shoulder
eleétro—goniometer that measures the angle of shoulder flexion/
extension. This parameter 1is wused bf the microprocessor éo
calculate the deslired pcsitfbn of the elbow and wrist, as a
function of the selected lihkage, and drive them accordingly.
Thus,' for the same shoulder position, the position of the elbow

-

16

Pty

'nHut and



J

a';-

and wrist will be differert for different linkages.

With a varigty‘of.input cutput relationships {dr movements)
at his disposa;;ﬁ”it is believed that the ampuﬁee'will have to
learn to use each of them, jusf as if they were different tools.

. .
Howevef this learning process should¥hot be too demanding on the
user. The prosthesis can be envisioned as a tool that can be uséd
in different ways (depending on the sélected l;nkage) for execu-
ting different tasks. We ali'learn to use-ﬁarious tools for
various purposes: a’racquet is used to plaY"tennis; while.a stick
is wused to play hockey and a%hat, .toc play baseball. All these
tools are used as extehgions.of_the body (as the prosthesis 1is)
to do  some work“and ié is fairly easy to 1learn to use them
without -any confusion @hatsoever. The bat will never be used to
play hockey and the stick to play tennis. Thus from this analogy,
we can extrapolate fhat the amputee will quiﬁkly learn to asso-
cilate each linkage wigg each task and the différence between them
‘will Dbecome obvious. The-linkage that allows him to drink from

2]

his cup of tea will not be confused with the one that permits him

to iron and so on.

In1éddition to the various linkages provided to the %ﬁmputee
it was decided to include® in our system, the ﬁhnbeatable servo"
feature proposéd by Simpson. This feature helps to keep a one-to-
one relationship between input and output so that the input can ™
never go faster or further than the output can. It is essential
;ﬁF the amputee to know without a visual check,. but rather with
proprioceptive feedback, whether @f not his prosthesis can per-
form —the required task. Simpson implemented th'is feature by

3

17



connecting a cable between the«sYétem output and the input joint.”

This system continuously prevented the input from exceeding the |

output‘ capabilitips of the prosthesis. In our system due  to.

mechanical and cosmetic constraints it was not possible to im-

LJ

(-

.\J

microprocessory, to the shoulder will warn the aiser that the servo

" has been "beaten". fﬂe user can then make the appropriate adjust-:
ments by either °'slowing down his movement or backtracking a
little wuntil the vibration'stops, meaning that the output has
caught up with the input.@:In this case the use of an ﬂpnnatural"
type of feedback sucﬁ as the vibration, is not in.cdnﬁradiction
,with what we have said before; rather it comﬁlements it‘ because
we are not ufing this kind of few@dback for positioﬁ sq&sation or
information, we are just using it as an on/offﬁaisplay that warns

the amputee. k 1

Having introduced the concept behind the control of our
above elbow prosthesis we shall present, in _the folloWing chap-
ter, the prototype prosthesis together with its electronic hard-

ware and software.
¢
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CHAPTER II L

THE PROSTHESIS HARDWARE

2. The Mechanical Parts of the Prosthesis

In the previous chapter tHe controllijing concept and the
design critggia of our prosthesis were laid down. We determined
that extendéa pﬁysiological proprioéeption was éhe most . appro-
priate mode of control for multijoint prosthéses."We.also noted
that simplicity of ‘utiliza%ion, position proprioception (i.e
position sensationj and reliability.in positioning’the‘joints of
the prosthesis ‘were among the most important featureé 4‘for the
acceptagce of the device by.amputees. Following these g;idelines,
a prototype prosthesis wes constructed. We chose the option of
designing an above-elbow brosthesis rather than a below-elbow or
shoulder disarticulatiéﬁ prosthesis. However, in these cases, the
pfocedure would have been similar. Our choice was influenced by
the fact that the above~elbowlprosfhesis has a mechanical level of
complexity £n—between the otﬁer two. However, from the contreolling
electronics and software point “of view thefg ‘is not mwuch '

[

difference between these three options.

In this study our goal is really to show that-the“use of- a
microprocessor could make e.p.p. and the ‘'unbeatable servo”
features possible. The present above-elbow prosthesis makes use

1%
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of an electric eibow and an electric wrist rotatof both control-
led by modified e.pﬁp.; and a prehension mechanism thatris con-
trolled by EMG signals taken from the biceps and tricebs mgscles.
The hand grasp is driveh_in a proportional manner by a system

developed at the Rehabilitation Ihstitute of Montreal [14].

As 1illustrated in figure 2.1 the prosthesis 1s composed of five-

B
major parts, which are
1) The hand with its prehension_mechanism.
2) The wrist unit
3} The elbow unit
4) The shoulder Goniometer

5) The microprocessor and controlling electronics

Fig. 2.1 The Above-Elbow Prosthesis.
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It 'should be noted that the hand, wrist rotator and elF;;— were
not designed by us. They are off-the-shelf components that have
been sold for years and have been fitted on many amputees, hence
they have proven their effectiveness and réliability. Hoﬁever,
some . of them were modified so that they could be adapted to our

needs.

:In the next section we have included a brief description of

~

these electromechanical elements, for completeness.

2.1 The Hand Unit

This hand was desighed and manufactured by Otto Bock Ortho-
pedic ;ndustries, a German prosthetics company. It is a simple
pinch Lrehension,'"i.e. the fingers cannot be controlled inde-
pendently. The operation of the hand is controlled by EMG signals
from biceps {the hand opening) and triceps (hand closing) muscles.
Because hand grasp réquires only force, not positioning, it is
appropriate to use EMG as a simple on/off control. Also, the hand
grasp is driYen in a proportional manner by a sys%em developed
by th? RehaSilitation Institute of Montreal (RIM) [14]): This
system‘ named Analog Proportional Control, is such that to any
| lncrease of the rectified myocelectric signal there 1is a

corresponding proportional increase of the DC power available to
the motor. Thus, °‘the subject can control the motor torque by
varying the level of contraction in the control muscles ( here,

the biceps and triceps). 'This enables him to control the speea of

the hand opening and closing and also the prehension force (15].

— ‘ 21
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An' advantaéé with Ehis system is its fiexibility of utilization,
because it can also be operated using a mechanical displacement
as the (controlling) input, instead of EMG. As it stands now,
sensory feedback of the prehension force is not provided.
However, if we decided later on to use a mechanical displacement
as the input,. then we will be able to provide feedback at the
same time. This hand hds been fitted on below elbow amputees at

-
the RIM and seems to give good satisfaction to its users.

2.2 Thg Wrist Rotator Unit -

he wrist rotator unit ({see figure 2.2) was also designed

. by the Otto Bock company. It provides 360 degrees rotation, but

the microprocessor was programmed SO as to restrict its range of
rotation from full preonation (palm down) to complete supination
{palm up) in order to make the movements of the hand look more

natural. Unfortunately this unit does not prowvide us with wrist

. flexion/extension but this option is not indispensable since it

can be adequately réplaced by shoulder and elbow motions.

We have incorporated”in the wrist unit a linear potentio-
meter to measure the angular rotation and provide the micro-
processor with position information. The drive to the wrist
unit is bidirectional and microprocessor-controlled allowing fast

and accurate positioning of the terminal device (i.e the hand).

22
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Fig.2.2 The Otto Bock wrist unit.

2.3 The elbow unit

¢
A__Ygriety of .elbow units were available on the market. The
moét pepular cnes are: the Vafiety Village elbow (VV elbow), The
Boston elbow, and the Utah arm. We decided to use the -Boston
elbow, because the two other; had serious disadvantages. The VV
elbow, developed for children, was too weak for our purposes. The
VV elbow could not move when fitted with a.wrist,roEator unit and
a prehension mechanism. There is nc need to say that it could not
1ift any weight. )
The Utah arm, on the other hand,?'was the latest designed émcng

these three elbows, but its price;, about five times that of the

. Boston elbow (in 1982) made it an inaccessible development tool.

Also, it was not flexible enough to accept the  various

modifications that we had to apply -to our proéotype elbow.
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The Boston elbow wag deﬁeloped by the Libérty Mutual Assurance
Company in collabotration with The Massachusetts Instipqzs of
Technology (MIT) Boston (see figure 2.3 (a)f. This : elbow is
currently avajilable for- above-elbow amputees. Off-the-shelf it
provides : one degree of freedom (i.e. elbow flexion/extension)

controlled by EMGivsignals taken from the biceps and triceps

_miscles. We mentioned in the previous chapters that we were not

going to use EMG to control our prosthesis (except for the " hand
prehension), but rather e.p.p.. Thus we did not make use of the
electronics supplied with the Boston elbow, we designed our own.
In fact, Jjust the mechanical parts and the electric motor of the

Boston elbow were used in our system.

Fig.,2.3 {a) The Boston elbow.

h
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We also took advantage of the empty cavity present in the fore-
arm housing to place the controlling electronics, the micro-

processor and the battery pack making the prosthesis self~-

S

~

contained. Some minor mechanical modifications were required to
. [ . .

be able to place a potentiometer in the elbow housing to provide

feedback _position information of the elbow joint to the micro-

processor.

The Boston - elbow offers a lot of "features that makes it
attractive [1]:
1) High speed - 145 degrees “in about one-and-half second.
2) Free swing for ease in walking - the elbow swings freely
30 degrees or locks direct;y to motor.
3) Length is adjustable to small or large amputees.

4) Reverse locking clutch - arm locks unless motor -is being

driven.
5) high torque - 6.1\Newton—meters.
6) C%n support 23 kg at 30 com.
7) Overriding clutch protects the arm during falls.

8) routine maintenance is required only once per vyear.

The hand was fitted on the wrist rotator and they were both
secured on the Boston elbow. Our above-elbow prosthesis was then
ready to be tested. Figure 2.3b gives a general'representation of

the prosthesis as it would look on an amputee.



Fig.

2.3 (b) The prosthesis as it Qould be worn by
an amputee.
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2.4 The Goniometer

.

We have developed, in conjunction with the Royal Ottawa
Regional Rehabilitation Centre, a shoulder goniometer. This
goniometer |is whobtrusive and can be an integral.part of the
harness of the prosthesis jsee'figure 2.4). The poﬁentiometer
théﬁfmeasures shoulder flexion/extension, fits under the shoul-
der, “between the upper arm and the trunk‘(seé figuré 2.4). The
two arms of the gonioweter are maintained pafallel to the upper

3

arm and trunk respeeﬁively. A sliding rod mechanism ensures that

shoulder movement is not constrained. The goniometer has a range

of motion of about 128 degrees which is more than enough to allow
for a complete elbow flexion/extension movement or a full

pronation/ supination twist of the wrist.

&

Fig. 2.4 The goniometer

L}
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Many attempts were made to incorporétéJinto the géhiometer a
braking mechanism that would allow the "unbeatable servo" fegture
to be realized. This braking ﬁgchanism should be such that if at
any time the ?utput capabilities of the s&stem are exceede%i the
microprocessor would output a braking command. This command would
remain until the‘system Pas-reached the desired output demanded
by tb& input, or if the shoulder movement (tpé input) is
attemptéd in- the opposite direction to that whiéﬁ‘ caused the
braking. This implies that the_bfaking mechanism has to ke bidi-
rectional with fast application and release times. Unfqrtunately
such mechanical design is neither easy to realize nor aesthe-
tical. Instead we realized a sofiwére brake that does exactly the
rgquired taék but still lacks the "natural-type" feedback that
would be achieved with a hardware braking mechanism.

-In an intact subject, when his arm is not able £o iiff a heavy
weight, for example, the joints are forced by the weight to stop
in a certain position. This situation will automatically and
subconsciously alert the subject, and he will.be able to react to

correct _this aborted attempt. This is exactly what a hardware

braking mechanism would provide.

Ve

For clesed-loop controlled motion to be made poésible, inpuc
and output position information have to be fed to the
microprocessor; but since these signals are analog, they will
have to digitized before they can be processed by the
micprrocessor; The next section will discuss the data
acquisition hardware ﬁsed in our system, the microprocessor used,

and the various interfaces neéded toslink all these elements.
£y

By
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2.5 The controlling Electronic Hardware

In this section we will discuss the data acgquisition inter-

face reguired to monitor:

&

-_The input to the'system.(the shoulder angle)

-~ The output of the system (the position' of the prosthesis

for féedback information).

]

3
There are essentially three important data inputs to the micro-

computer. The first one is the goniometer, which is a one turn

potentiometer (see figure 2.5.1). 'The maximum allowable displace-

ment of this potentiométgr is 128 degrees.

shoulder joint

\_N

45 ° 85 maximum shoulder

extension

maximum shoulder 2
flexion

b8

——

Fig. 2.5.1 Schematic diagram of the goniometer.
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., It is to be supplied by the 0 td 5 volts power rail of the

: system, hence wherever the reference is set, thef’rangg/fcf”'-h%“"“‘
variation of the voltage will be about 1.8 yolts from posiézgn A
to pesition B. The second and thifd inp@ts to the m;croprocessor
are the ones coming from the elbow ana the wrist (which alsg have
one turn potentiometers). The elbow potehtiometer is alsc allowed

, N ,

to move freely for 128 degrees for wide amplitude
flexion/extension movement, whereas the wrist is 3llowed 180
degrees rotation for proper pronation (palm down) and supination
{palm up) movements. All these potentiomg;ers are read
continuously and their signals fed te an analog to digital
converter (ADC), hence a four-to-one line multiplexer had to be

placed at the front end of the ADC.

Since our control system should consume as little power as;'
pgssible to allow for, long hours of operation, all integrated,
circuits should be of MOS/CMOS type. It was also decided that
only off~thejshelf components were going to be used so as to keep
down the price of the electronic hérdware. s ) =
The dual 4 channel analog multiplexer MM 54HC4042 {from National
Semiconductor) was readily available. Iﬁ featured eight channels
all together, very low guiescent currtnt (80‘ microamperes
maximum), and fairly low "on resistance" 50 ohms when Vcc = Vee =
5 volts (see [16] for details). i .
The range of operating temperatures of thig device (from -30 to
+40 degrees Celsius) together with its ffequency response near

b

100 MHz, were well ~Above those required for prosthetic

applications. Thus this device was considered adequate to be used

30
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in our system. : '

+
-

ihe next link of the data acquisition system'is the . analog
to digitai' converter (ADC)a An 8-bit converter was prbpoéed
assuming that the precision of the lgést significant bit (LSB)
would be far in excess of:that furnished by the rest of the
system. By-tﬁis we mean the following H
~ firstly, the capability of the electric motors to stop within,
a certain range from the.posiﬁion requested by the controlling,
* b
input (This depends on the inertia of the motors and their

o

relative loading).

- secondly, the accuracy of the potentiometers in monitoring the

i
position of the joints.

An in-depth look at the problem revealed that an 8-bit ADC ~ was
more than enough in the éontrolling locop. The v§riety of analog
to digital convérters available is extremely laféé"today. Thus
our choice was oriented towaﬁss an inexpénsive but nonetheless
."intelligently" conceived device. We chose an 8-bit A/D converter
using the succdessive approximation technique (the Analog Devices .
AD 7574 see [17] for more information) because it satisfied our
basic needs. Some of the interesting features of this converter,
from the point of view of our prosthetic system, were that it was
readily compatible with an 8-bit microprocessor (which we are
using), and that it used three-state logic for its output data
bits, thus allowing direct connection to the microprocessor data

bus or input/output ports. Also this ADC (AD 7574) was. designed

to operate as a memory mapped input device. It could be operated
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as static RAM, ROM or as slow memdry. The conversion time 15
micfoseconds, powér‘dissipation of 30 milliwatts, and }Bw cost,
alsd influenced our choice. Unfortunateiy, as is usual, this AﬁC
had some drawbacks. The one that we were concerned with was Eﬁg
. o

very low impedance (approximately 10 kilc-ohms see [17] %dr mé?é

details) of the analog input, which would inevitably cause a

',1oading of the previous elements of the link (i.e. the multi-"

plexer and the potentiometers) thus inducing voltage drops along
the = analog path. In the worst case these drops could induce an

ADC error oqbtwo LSB. Thus, a buffer was needed at the front end

of the ADC. However one should bear in mind that the board space

is extremely limited, since the control circuit and power pack
must all fit in the empty cavity located in the forearm of the

prosthesis. The addition of any extra element reduces both the

available space and available power. Thus extreme care was taken
in the design in order to optimize these +two parameters. The

device stability with respect to temperature was considered ac-

ceptable. In any case, 1f any offset of.nonlinearity would appear

in-the conversion due to temperature, autocalibration techniques
could be applied using the microprocessor. At this. stage, we
shall ignore the errors due to temperature changes assuming that

their influence is not as critical as compared to that due, for

example, to the low input impedance of the ADC which is a con-

stant source of error.

" Before moving on to the next stage, which i%s the micro-

processor, it might be interestiﬁg to note that as the stand-by

guiescent current seems to be fairly high (approximately 5 mil-

*
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liamperes maximum) a pulsed mode opération of Phe ADC will be
aconsidered in order to cut-down on power consumption. &;h this
‘mode, the ADC‘wili be switched on by the processor bnl&twhen a
.conversion is reguired, then it will be poweréd down agaigt-'

Once analog incominhg signals have been digitized, they must
e processed so that valuable information can be extracted and
utilized for %ontrol purposes. The processing device will be

discussed in the following paragraphs.

The brain of our system was chosen to be tQS Iptel“ 8751
which is a high performance single chip $8-bit microcontreller,
intended for use in sophisticated real-time applications such as
réggtics. The 8051 family is compdséd of three different versions .

8031/ 8051/8751. We chose the 8751 whi h is the only one, of
that family that has a programmable EPROM of 4K-bytes ‘as an
integral part of the device. Thus the 8751 is well suited for

. a ()
development, protetyping (which is exactly what we are doing),

and low-cost, low-volume production. In the following section our
aim will be to introduce some of tng interesting features of this

microcontreller. Additional infeormation is available in [18].

The Intel 8751, as a development oriented device, is an extremely
powerful tool. It helps to simplifying both software and hardware
which is one of th% main reason why it was chosen to be the
microcontroller of our "~ prosthesis. At the time when it was
deéided that a microcontroller was to be used in the.'SYStem,

various features, that were to be present in the controller, were

set down., These required features were directly related to our
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design constraints which were in essence :

S
- to minimize components (due to lack of space). The

microcontgoller had to have at least 2K_bytes of on board
EPROM- (no extg;nal memory was to be accepted), :two or more
interfupf lines with seiectgbleﬂievels'of priority, two
timers, and finally minihﬁh hardware interfacé with peri-

pheral devices ( which must be TTL/MOS compatibf%).

To minimize power, so that a full-day's use on a single
battery pack was possible. A CMOS or hybrid device was
requirggrhaving a power down cor "stand by" mode that could
be used when the processor was not doing any useful work,

so that power could be cut to a minimum.

To mipimize execution time so that real-time processing
was possiple.- This was an important ‘factor since the
response of an artificial limbk should be close. to real
time in order to éch;eve, net only a good technical opera-
tion but also a natﬁral oﬁe. Thus a high frequency clock
was needed for fast instruction executipn together with
built-in functions such as multiply or divide .that are
usually time gonsuming when realized in software. Also
simple instructions for input/output (I/0) were required,
since the controller would be practically ‘executing .at
every instant in time I/O operations. Finally, - since the
cqntrol algorithm (to be discussed in the next chapter)
makes use of a timer to controlzthe drive to the joint
actuators, another timerlwas ngeded to control possible

power down mode of various peripherals and/or to be used
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to .synchronize the operation of -a new joiﬁE.if the number

of degrees of freedom of the prosthesis was increased.

AS an answer to these challenging constraints, the Intel 8751

provided us with all the.needed features and more: on a

single
die the 8751 microcontroller combines CPU; non-volatile 4K
(8-bit) erasable programmable read-only memory (EPROM); volatile
128 (B-bit)‘ﬁAM memory; 32 I/0 lines; . two 16-bit timer/event

N

counters that‘can be read and reloaded on the fly; a five-source,
two-priority-level, nested interrupt structure; on-chip oscilla-
tor and clock citcuits. For completeness, a block diagram of the

internal akchitecture of the 8751 is shown on figure 2.5.2

—

——
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Fig. 2.5.2 The 8751 internal architecture. ’
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The CMOS technology allowed us to have appro§imately 25
Milliwatts .of power consumption whicn-could be reduced fo .lesé
than 5 Milliwattg\on power down mode. This is, as we think, good
for a device haviég so many on-board components; Notice that all
input/ output ports can sink/source one TTL load. The 8751 was
used Qith a 12 MHz clock giving an average execution time of 1 to -
2 microseconds for each ins}ruction-e2cept " for multiply and

divide which require 4 microseconds.

The control algorithm did not require more than a thousand
lines (approximately) of code written in assembler language,
thus computation remained within "real-time" limits, and the

prosthesis reactions were almost instantaneous.

%

As far as input/output operations were concerned, the mani-
4

. _ , _
pulation of data was extremely easy. Most instructions could be

used for I/O operations. There are 32 I/0 lines that can be
accessed as 32 individually addressable bits or as four parallel
8-bit ports addressable as ports 0,. 1, 2, and 3. In a single
8-bit port each bit can be set individually as an input or output
porﬁ, which greatly simplifies bit operations and hardware con-
nections. We shall see later on, how extensive use of'this fea-
ture took place in the allocation of lines to variocus contreol
units. |

All the above mentioned features, combined with a total of 111
possible instructions, make the programming of the 8751 very
easy. We have also appr;ciated the eight general purpose

registers (R0 - R7) which allowed easy manipulation.of data. We

also used the 16-~bit timer/counters that provided sufficieﬁt
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flexibility in the way they could be prog mmed and sufficient

nunbers of bits to set a count or division factor to the desired

length.

Before concluding this presentation of the Intel 875;H_one
important aspect remains undiﬁgussed : the éffect of wvarying
temperatures on the‘specificatiqns of the integrated circuit.
This microcontroller has its ratings guaranteed for temperatures
from 0 to 70 degrees Celsius under bias and from -65 to +i50
under storage conditions. These tempera;ure ranges are acceptable
for us since our design is an introductory one and we are not yvet
concerned with temperature extremes. Also, a careful loock at the
design reveals that the'prosthesis was programmed to execute
repetitive tasks such as those encountered around the house or in
workshops where obviously the temperature is maintained above 0
degrees and below 70 Celsius. If the amputeé is to go in open
alir, his pros%hesis‘ will usually be off or on staﬁd-by mode,
which should prevent him from having any problems. However, tests
will be made in an artificial environmeht with extreme tempefa—

tures to be able to set the guaranteed ratings of the design.

~

It is a fact tirat more powerful microprocessors with- larger:
processing power, larger memory and larger I/0 cépabilities were
available, gut we found the Intel 8751 more than sufficient fori
our prosthetic application. We have chosen to use it primarily
for its small éize. No other supporting hardware was required
besidgg—gh€§§§;al to supply the clock pulses. This ' compactness is

extremely important since we wanted--o place all controlling
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electronics in the forearm housing of the Boston elbow, ,making
the system self-contained. h prosthesis of any kind is certainly
more attractive for an amputee when he.does not have to carry any

parts of it in his pockets or attached to his body.

The pfosthesis electronics also contain the motor drive’
which 1is composed of discrete TMOS transistors- (see [19] for
specifications on these transistors) and some CMOS combinational
logic. The TMOS transistors were mounted in a B swifch configura-
Eion (see figure 2.5.3) so that they could provide a bidirec~

tional drive to the elbow and wrist motors.

+ 6 volts

[=] [=] )
CW / / CCW
g T _

' o (=]
cCw / cw

- 6 volts

Fig. 2.5.3 TMOS transistors mounted on H switch

configuration. .

/" T
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These power TMOS transisto;s were used instead of the usual
bipolar complementary pair ({NPN, aﬁd PNP) for two majg; reasons
- Their "on voltage" was as low as 150 millivolts, thus
voltage losses could be minimized. -

- They could.be driven by standard CMOS logic gates, since
théy required only a negligible amount of current at their
gate input. " Thus no buffered logic gates were needed to
drive these power transistors, which is noet the case whén'
bipolar power Eransistors are used.

s

The combinational logic was necessary to prqvide system

security, and energy conservation. When the ends of the rotation

of the Jjoints are reached, the motor drive is automaﬁically :
switched off. Greater detalls on circuit diagrams and integrated

circuits used are given in appendix 2.

Having introduced and justified the need for the various
elements compesing the controlling electronics, we can now have a
look at the complete system. 1In the next chapter we Qill see how
this controlling system is connected with the electromechanical

parts of the prosthesis and the ocutside world (i.e. the amputee

himself.
r
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CHAPTER III

3. The System
Figure 3.1 is a block diagram of the microcontroller interfaced
with all the peripherals i.e. the ADC, the multiplexer, the logic

to the motor drive, and the linkage selection switch.

-

There are three external analog sources of information to
the microcontroller. The first two are from the elbow and wrist
joint potentiometers, 'they ﬁrévide_position information on these
joints. The .third sourceiis.from the shoulder goniometér which

'ﬁrovides the position information of <the. amputee's shoulder

joint.
. #.
‘ -
2751
PORT27 — P : EiBow
ADC PORT1 PORT 2.6 MPX WRIST
' GONIOMETER
WR
RD .
l’ORT 20 1IC M R L ELBOW
PORT 2.3 g CRCUm DRIVES —» wRisT
PORT 2.4 P SOFTWARE
BRAKE
LINKAGE
PORTO |@——
SELECTION SWITCH

Fig. 3.1 Block diagram of the controlling hardware.
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These analog sigﬁals are passed on to an analog,mditiplexer which
'is under software control. Upon request from the p?ocessor, one
of these signals is selected and passed to the analog/digital

converter where it is converted into an 8 bit digital value.

The input/output (i/o) ports of thé microcontroller are
used, rather intensively, for communication with the outside
world. However, due to the fact that so many I/O lines were
available we decided to allocate to every I/proFt é particular
task so as to ease.debugging of the cifcu;t. These ports uée
three—state'logic which allows them'to be connected to different -
devices at the same time, bu£ we Qill not use this feature. Thus
ports 0 and l‘were defined as input data ports:

The lines of port 0 are connected to a three bit switch which is
under. patient control. Using this switch the patient can select
one of tﬁé eightldifferent linkages that has'Bé;ﬁ%custom—made for

el

him. The bit allocations are as follows. Y

b7 | b6 | bS5 (b4 | D3 [b2 | b1l [ DO

L—— 000 Select linkage
001 Select linkage 1
010 Select linkage 2
011 Select linkage 3
100 Select linkage 4
101 Select linkage 5
110 Select linkage 6
111 Select linkage 7

not used

Fig. 3.2 : port 0 bit allocations.
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Bits 1.0 to 1.7 of port 1 are directly connected to the

-

- .output lines of the ADC, as shown in figure 3.3. &

b7 |[b6 | b5 |b4 [b3 [b2 | bl [bO Ve
MSB [ LSB
ry
Y o U=
DIGITAL OUT
ANALOG IN
—’ = -
~ ADC

Fig. 3.3 Bit allocation for port 1.

. The remaining two ports, thch are port 2 and port 3, are
mostly used as control lines to the various units. These ports
are configufed as output ports.l‘

Port 2 controls the channel-'selection of the multiplexer, and
also ﬁrovidés the pulse~width modulated drive, and direétioh of
motion to both the elbow and wrist joints. The bits of this port

are used as in figure 3.4.

-
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|'b7 | b6

b5

b4 | b3 | b2

bl

b0

1

not used

Fig 3.4 :port 2 bit allocations.

——— Wrist Drive

00 ‘no drive

01 +Ve drive (wrist pronatc)
10 not used

11 -Ve drive {(wrist supinate)

-

A
Elbow Drive

00 nodrive
01 +Ve drive (clbow flex)

. 10 not used

11 -Ve drive (elbow extend)

L)

Software brake flag

0 no brake
1 apply brake

Mux channel select

00 select Mux O (goniometer)
01 select Mux 1 (elbow pot.)

10 select Mux 2 (wrist pot.)

11 select Mux 3 (not used)
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One line (2.l1) is, at present, used to implement thé “sofﬁware
brake" feature discussed in the previous chapter.w If ever the
input is moved‘téo fast or too far for the oﬁtput to follow: the
system éutomatically responds by sending a vibration to the
shoulder of the amputee warning him that he is about to "beat"

the servo. Line 2.1 is set when the software brake is in opera-

tion, otherwise it is cleared.

L)
Only two lines of port 3 are used, they are : the read (RD),
and the write (WR) lines. They are connected directly to the RD
and WR inputs of the analog to digital. converter. Figure 3.5

gives the bit alleocation of port 3.

b7 | b6 | b5 (b4 | b3 | b2 [ bl | bO

RD WR

NOT USED

contro! lines

ADC

e

Fig. 3.5 : port 3 bit allocafions.
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A modular desigm was applied when conceiving this system.
Each module was designed and .tested separately so as to insure
that it was bug free. ' Even though there was not much space avai-
lable, the system was equipped with protection circuitry against
6vercurrent, noise, and voltage pglarity reveréai. Open circuit

and battery discharge detection will also be provide in future

L

devices. '\:>
- » -

In this section the controlling electronics were presented

from a system point of view with the various modules that perfor-
RS

.med a given task. However, a sequential and coordinated operation
. .

" ©of these modules is needed to achieve a closed-loop control of

the prosthesis. 1In the following chapter the basic control soft-

ware l1ls discussed.
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CHAPTER IV
THE CONTROLLING SOFTWARE

4.1 The Control Algorithm

The algoriéhm that was used to control the prosthesié is
illustrated in figure 4.1. ‘As can be seen in this flowchart, the
program runs in an infinite loop. The segquence of steps shown is
always executed in that order. Here are the actieons taken each

time the loop is entered:

1. The shoulder position (the Anput) is read.

2. The linkage selection switch-is read.

3. Knowing the shoulder position and the selected linkage, the

| -microcontroller can determine the new desired ﬁdsition of the

elbow and wrist joints. . "

4. The actual position of the elbow énd wrist joints are read
and the microcontroller determines the difference (or er:or)
between the desired position and the present one. From this
error, the necessary drive to the motor of the joints are

computed.

5. The computed drive is applied to the motors for a fixed time

N\

6. The program returns to the beginning and the same process,

intervél npe, >

starts over again.
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READ SHOULDER
GONIOMETER

el

READ LINKAGE
SELECTION

COMPUTE DESIRED
POSITIONS

™

(

. READ WRIST AND
ELBOW POSITIONS

—-—

COMPUTE ERROR OF

AND WRIST

ELBOW

DRIVE MOTORS
. FOR FIXED
TIME PERIOD

T

Fig. 4.1 Flowchart of the prosthesis control

program,

47




This software was written, at design stage, in a modular

fashion so that each module could be independently tested, debug- ..

ged and optimized (see inwappendixAB the flowchart of the pros-
thesis controlling' program and the elbow and wrist error
evaluation routinesd. Thus, the operational version of the
software had the following archifécture

- a main medule taking cate of steps 1, 2, 5, and 6.

- five submodules performing the tasks of steps 3 and 4.
These submodules were introduced because it was believed that the
separation of elbow and wrist routines would lead to more
flexible programming. The same algorithm is used to gontrol the
elbow and the wrist except that the unbeatable sefvo feature is
not appliéd to the wrist. The reason behind this décision was
that after investigation it was apparent that the wrist was

1

always léss likely to fail to respond to a command than was the
" elbow. The risk of overloading or "beaging" the wfist Servo was
minimal. It must be kept in mind that the prosthesis was con-
ceived to be a faithful assistant to the intact arm ana-if- ahy
hard work-is to be peﬂférmed, most $f it should be done by thej

~intact arm. This philosophy gave us a fair guarantee that the:

wrist would not fail to respond adequately to the input.

The hardware timer of the 8751 is used to establish a time
base (T). During each of these time base periods, the folléwing
steps are executed : The microcontroller reads the shoulder
position (the input) then reads the linkage selection switch. The
value of the switch gives the offset to a look-up table where the

corresponding desired position of the elbow and wrist are stored.
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Differént look-up tables are used for elbow and wrist joints.

Having obtained the desired position of the elbow and wrist, the
actual po§ition of thesg two joints are read frém the feedback
potentiometers. The controller then determines the difference

" between where the joints are and where they are supposed to be.
. v . i :

. ..“.‘ :
This difference 1is also known as the "error" between input  and

output iﬁ coltrol theory; )

The error is then uséd-ﬁ

1) to check if the elbow joint is about to be beaten by the
input, in which case the software brake is applied to
avoid the 1loss of the one-£o—one relationship between
inpu£ -and output and also to prevent a waste of ~ useful

power in a stalled motor.

2) to coﬁgute the drive to the joint motors.

Having computea\the required drive, the problem remains to
transform this vélhe into an appropriate signal to  drive the
motors. The-problem‘that we wefe confronted with was how to relate
the error signal to the applied drive. A tréditional methog is t&
use a "bang-bang" type of applied drive. This drive techniéue is
illustrated in figure‘4.2. Essentie&}y} the motor is driven in one
.dire..c‘tion or .the other, there ié no p&ortionality between the
éomputed error and the applied drive.{fﬁ/} ' | |

)
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Applied
drive

+Vmax

Computed
errar

-Vmax

Fig. 4.2 Bang-Bang type of drive.

Another'possibility is linear analog control, which consists —
of increasing the DC voltage available to the motor proportional-
ly to the computed error. A relation as given by figure 4.3 (a)

could be applied.

Applied
drive
Full drive

Calculated
error

Fig. 4.3 (a) Linear type of drive.
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'A"third mefﬁod consists of applying pulses with a duty
cycle proporti;nal to“the calculatedldrive (or. error) . In this
caSe the average level of energy supplied to the motor is contro-
1led by the width of the pulse. This is known as pdlse;width
modulation. This method is widely used to drivé motors i; robotics
and prosthetips. However there is still a controversy abouf‘ its
use. It was reported by Ulen, and Wagner [20] that Pulse-Width
Moduiati&n was not more efficient ;p terms of power consumption
than linear analog control. On the contrary, advocates of this
driving modalitf éuch as Lozac'h et al have found ité utilization
| very éfficient in proé%hetic systems [14]. It is sa fact that
Pulse-Width ‘Modulation. (PWM)}) has some advant;geé over linear
analog control as Lozac'h described it [14] :

" The electrical energy applied.to a motor is transformed into
mechanicél energy only when it reaches a certain per&entage of the
nominal‘ energy. -This percentage is a function of the load on the
system. Inability to reach this percentage of the nominal energy
due- to loading may be the cause of a current drain through the
- motors, although no displacement of the driven device is observed.
In the case of-a prosthesis, -where the energy storage is limited,
tﬁis unnecessary power consumption will undésirably shorten the
daily hsage time."”

From the above argumentation it can be seen fhat "when linear
analog control is used the voltage applied to the motor will not,

for a certain time, reach the percentage of nominal energy (see

.3 {(b)). Thus, the motor will not'ﬁove. The amount of
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AR > 52 5%
S i

Applied
drive )
- ¥ull drive
i Vnominal L ___._ } wasted -

energy -

Calcutated
eITor

5 . .
Fig. 4.3.ﬂb) Linear type of drive.

The principle behind Pulse-width Modulation (PWM)'is as follows
A waveform of amplitude Vmax, fixed period "T" andgvariable width

"W is applied to the motor (see figure 4.4).

‘sent to motor.

7 Amount of energy
/]

Fig. 4.4 Pulse-width Modulation. )

*

By varying the width of the pulse, the energy sent to the motor

and hence thé speed can be contreolled. It usually takes many
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cycles and hence many dn/off?ghitchings of the voltage'(Vmax) to
get a significant rotation from the motor, especially if it is
gearedl It muSt be hoted that .there is a minimum width (Wmin),
around 15 %.of the time period T, below which the motor wiil not
regpond, and a maximumn width {Wmax) , qaroﬁnd 90 $ of the time
period T, above which the motor will respond as if it was‘ DC

driven with a voltage V = Vmax.

In the present étudy it was discovgrea that PWM also __had
some drawbacks. Among the most serious ones were the difficulty of
fine positioning - and the excessive generation of noise in ﬁhe
electrical system. The problem of fine ﬁositioning came from the
fact that the minimal amount of energy ( W = 15% of T) that could
be sent to the motor to make it move was sometimes too much,
?specially when the motor wa& already in motioﬁ. This problem is

inherent in Pulse-Width Modulation since the amplitude of the

applied wvoltage is always maximum, causing abrupt and step-like

motion of the motor. ~ If the desired position falls in between a
step there will always be an error between the present position
and the desired one. The obvious solution to this problem would be
to use: a reduced'voltage so that the motor could be accurately
guided to the desired position. But this would be in contradicticn

with the use of Pulse-width Modulation.

Althdugh our design was well protected against noise, the
sharp voltage edges present, when switching the pulses on and off,
were generators of higgﬁfrequency noise which heavily corrupted
our dijital system. This in turn would sometimes induce .errors in
the digitization process.
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In the ligh£ of these observations we decided to use a
method ﬁhat would combine the advantages of analog control which
provides - the joint'moﬁors\gith a clean DC signal free of swit- —< |
ching ncise, and the.ﬁdvanﬁages of PWM which guarantees that the
motof will alwayé be provided with sufficient voitage to- start. A
_simple relation of the form of figure 4.2 seems to be sufficient.
Hence whenever the computed.error is non zero, the applied;drive
is maxXimum. Further investigations with respect to the system

_under consideration showed that some modifications had to be made

_ to the above simplified relat;onéhip as shown in figure 4.5.

Apﬁﬁed
drive
R +Vipax Full drive
Computed
£ITor
- -Vmax
Full drive
"DEAD-ZONE"

. ﬁig. 4.5 Bang-Bang drive with a dgad ;pné.n'

I
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Due to digital rounding and quantization 'errors, potentiometer
inaccﬁracy, and possibility of slight unintentional movements'of
the'patient‘s shoulder, the desired position cbuld;be computed to-
have ‘changed although”no‘real shoulder motement.‘was performed.
This would result in undesirable jitter (or even oscillations) at

the terminal device. Thus a "dead zone" is required to eliminate

the jitter and possible hunting. fhny computed drive falling in

the dead zone will be ignored.

An apparent disad#antage when using this modified form qf

Pulse-width modulation is that it is not peseible to operate. the
- prosthesis at a different speed. However we have . determined
empiricall§ that eggn;with_coﬁventionél Pulse-width Modulaticn or
. with linear analeg control, the speed of the prosthesis was in
general constant and elose to the maximum possible.whether large
or small angle§ were to be traversed. Also due to the fact that

the prosthesis is much slower than the théiological arm, the

amputee will, in most cases, use the maximum speed of his pros-

3 -~ .

‘thesis.

Equation (1) is used to calculate the error (or the drive) making

‘use.of the desired pesition and the present one.
'ERROR = Xd - Xp (1)

Where : Xd = the desired position

Xp

I

the present positicn

The sign of the error will determine the direction of the drive.

The minimum value of the error for it to remain in the "dead
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zone"‘was determiﬁed to be 5 (0000 0101). Any value greater than
that ;wduld cause a drive to be applied for at .least . one .time
périod T; which 1is the time it takes to go once around the
softwafe loop. If after this time "T"‘tﬁe'error is léss than 5"
‘the drive is switched‘off, otherwise it is left on for another_
time "T" and so on. This time periocd "T", which ié fixed at 2Q
milliseconds, was chosen to balancé the need fdr a fast response
of the prosthesis to the input from the amputee, -and the neces-
sity to allow the hardware—Sufficieﬁt time to react.to the drive
signéls. Toco small - a_fime period would lead to excessive and
useless computations since before the inertia of the system _
allowed tﬁe joint to move, the microcontroller.would have had the
time to go many times afound the con;rolliné ioop, ' reading again
and again the same desired and present positions. Too -large a
time period would lead the amputee to nofice an appreciable time
delay between his movements_and those of the 'prosthesis. Alsgo,
hunting would be possible as the joints could ‘pass the desired
position before the program turned off the drive. A time period
of 20 milliseconds was foupd to be adequate as it provided fast
response of the prosthesis and a reasonable amount of computa-

tion.

The input-output reiationship of the, prosthesis was stored
in memory so that the amputee could be provided with a variety of
different movements also, called linkages. The next section

exposes the principles behind these linkages..
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4.2 The Linkages

The primary input to the system is the shoulder. The outputs’
of the system are the elbow and and wrist ﬂoints. IA the céée of
linked motions, input and‘output have to be uniguely related by a
one-to-one relationship. ﬁegardihg shouldér, elbow and .wrist

movements as angular displacements from v fixed reference, it is

possible to represent the input/output relationship by:

B = Fi(0)

Where 8 is the sh;ulder angle (the input angle) and B is the
wrist or elbow angle (the outpuf angle). The function Fi acting
on @ is set by us. It is, indeed, one of the possibYe linkages.
This functién Fi can, in theory, take the shape of any of the
curves drawn on figure 4.6. Each of these curves Qbuld be the
graphical representation of a movement. However the input/ocutput
given by curve (c) cannot be used in our prosthetic system. It is
readily seen that more than one output can corrésbond to a single
input. This fact, when translated to our system, means that to
one shoulder position can correspond many different - prosthesis
positions. Such a situaﬁioﬁ can lead to extreme confusion as the
amputee would- never know exactly where his prosthesis would end
‘up.-This, obviously, is not tolerable. Thus in our system, there
will always be a one-to-one relation between input and loutput.
The only way to have a different output for the same input is by

chénging the linkage.



.’ Fi (8) ‘ _ ‘F1(® |

(a) . | ()

Fi (8)

{c)

Fig. 4.6 Some possible input/output relationships.

It is usually very difficult to obtain an analytical expres-
~sion for the function Fi, because coordinated motions are rarely
functions with a closed form. In the case where an analytical
expression could be found for all the functions Fi, there would
be different ways to implement the linkages on a microprocessor-

controlled prosthesis. The simplest way would be to store in the
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microprocessor memory all the functions Fi. Then when a ceftain
‘task needs to be performed, the amputee selects the corresponding
linkage. The processor finds the required Fi and calculates the
output jbint positions (B) as a function of the shoulder“ input
(68). This approach is very elegant but'suffers from a number of
problems. |

; computation time would be tremendous, indﬁcing delays iﬁ the
prosthesis respgnse. This is not acceptable in real-time prosthe-
tic appliications.

- analytical expressions for the Fi's are not easy to obtain.

Another way to implement the linkages is tér use look-up
_tables. ' This method can be applied whether or not an analytical
- expression is available for Fi. If it is, the function is solved
for all the possibles input 6, and the resulting B's are stored
in the microprocessor ROM. If no: analytical expression is
available for Fi, an experimental approach can be applied as
follows
- The  Joints of the prosthesis are manually guided to perférm the
movement and strategic points‘are recorded at the same time. The
movement can than be completely reconstructed, afterwards, using
these points. This method is often referred to as "teaching the

movement to fhe prosthésis". Here again to every © the corres-
ponding B is known, and thus it can’be stored.

This solution would obviously remove the time delay previously
mentioned, as the value of Fi(8) would be immediately available.
However tgis solution would require an excessively large ’memory.

Assuming that each joint : shoulder, elbow, wrist is allowed 128
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degrees of rotation and that one degree is mapped onto one word
/*ﬂth&Lbit), 2K of ROM would be regquired to store eight different
movements ((128x8)x 2 joints). Thus half of the memory would be

“used just to store look-up tables.

At an early stage it was decided thgt eight different 1lin-
kages should be suffigient for an amputee. However, Jas he gets
used to his prosthesis thé need for more functions o flexibility
might emerge. Thus we decided to cut down the memory requirements

of the look-up tables.

A way of reducing the large memory requirements was proposed
) by Gibbons and O'Riain (1], it consist of piecewise 1linearizing
the function Fi. However an improvement to this method will be
proposed here, |
Formerly it was proposedlto split Fi into eight equal regions, as
shown in by figure 4.7. Each of thesé regions had a width of 16
degrees. To allow a piecewise 1linear reconst}uction of the
function the assumption had to be made that no sharp slope changes
occurred within a 16 degrees envelope of the shouidér

r

displacement.
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Fi (0)

slogc

base

e e
I e

T L

0 16 32 48 0] o4 80 96 112 128 0 (degrees)

lower bound ' ‘Jé

Fxg. 4.7 The linearization of a curve.

Recent observations and tests have shown that a curve of the type

given by figure 4.7 is less frequent then those given on figure

4.8. This proves that the functions Fi are often, in nature,

piecewise linear. Rather than fixing the number of regioﬁs at
eight, we propose now to leave it as a function of the slope
changes of the curve. Thus the number of regions per linkage will
vary. However, the maximum numbe; of_reg%ons of a curve wili be
set at eight, as this number will usually provide a very good

approximation to the original curve.
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Fig. 4.8 Examples of common inputfoufput curves.
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The value Fi(e) can be appréximated for each region by the

equation {2)

Fi(®) = a(ej - ek) + C (2)
Where a = slope ' ,
C = base
' th .
8k = angle at the beginning of the K region
. . . th
{also called the lower bound of the K region)
th

=) =_;pput angle that falls in the X region
. o
From egquation (2) it can be seen that only three péraﬁetérs have
to be stored in memory, these are the slope, the beg}nning of
each region and the base of each region. Assuming an average of
four regions per linkage (notice that it is usually less) a total
of 12 bytes per linkage per joint is expected. For two joints 24
bytes are required per linkages. .Hence, 8 linkages can be sto;ed
in 192 bytes. This is 10 times less than what was required when
no pieqewise linearization was done. But, because the slope was
not always an integer value and no floating point or fixed point
é}ithmetic was to be programmed, we had to introduce some correc-
tion factors for eéch region to make sure that the accuracy, when
computing equation (2), was maintained. This increased the byte
requirements per region to four, and the total memory storage for
the linkage table to 256 bytes, _  which is still far less than the

2K byte required if no piecewise linearization is applied.
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4.3 An Example of a Linkage Table

In this section an ex§mple is given of how a linkage £able
is impleﬁeﬁted. Thg movemep; that we would iike to simulaée is‘
_that of an above~elb§w amputee qsing his.prosthesis to pick up a
cup of tea and bring it to his mouth. It is assumed that the
prosthesis will be used by an.amputee who is approximatgly. 1.80
meter (6 feet) fall._The subject is seated jif front of a table.

To model the prosthetic arm, the following assumptions were made

Ll = 25 cm (10 in.) (distance between shoulder and elbow joints)
L2 = 30 cm (12 in.) (distance between elbow joint and the palm)
L3 = 22.5 cm (9 in.) (distance between shoulder joint and table)

Secm (2 in.) - (height of the handle of the cup from table)
Figure 4.9 gives a graphical representétion of the prosthesis

when it has reached the cup.

'
< SIIOULDER JOINT

PLANE OF THE TADLE

Fig. 4.9 The prosthesis position when
the cup is grasped.
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The motion is broken down and illustrated on figure 4.10 (a)-(e).
Frgm {a) to (c) the amputee extends his shoulder which causes the

elbow to extend and the wrist to rotate from a position of palhl

up towards a position of palm down. When the hand reaches the

-cup,” the shoulder, " upper arm, and forearm are in the positidn

given by figures 4.10 {(c) and 4.9. The wrist has rotated frop
palm up (0 degrees) to palm half way between up and down . (90
degrees) and wili stay there as the movement continugs. The
bicepé contracts inducing prehension: the cup is grasped. Now

further extension of the shoulder will induce a flexion of the

‘elbow (notice that the elbow joint changes direction as the slo?e

of the elbow curve changes sign, as shown in figure 4.11). Howe-

ver, the wrist will remain in the same position (that 1is,

holding the cup upright), until the mouth is reached (figure 4.10
(e)).
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) 4
STARTING _ - SHOULDER EXT.
POSITION ELBOW EXT.
WRIST ROTATE)
(2) (b)
u_-—_-—-(-l .
L 3 L
QG A .
SHOULDER EXT. SHOULDER EXT.
ELBOW EXT. | ELBOW FLEX. *
WRIST ROTATE .
(c) - (d)

Fig.4.10 The decomposed motion of : reaching
a cup and bringing it to the mouth.
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SHOULDER EXT.
ELBOW FLEX.

(e) ,

Fig. 4.10 The decomposed motion of reaching
a cuﬁviii/bfiﬁéing it to the mouth.

The input/outpu%) relationship, or the function Fi, for this
particular-coorginated motion is given on figure 4.11.
On the abscissa (X-axis} we have the angular displacement of the

shoulder and on the ordinate (Y-axis) we have the output angles

for elbow and wrist.

~

T — .

The linkage was constructed empirically by observation of a
naturaljhuman arm performing the same movement. The joint motions
were V;arefully decomposed so that angles could be recorded at
strategic points and the input/output curves implemented for
elbow and wrist. As c;n be seen in figure 4.11, these curves are

simple and already piecewise linear. Thus, to construct the

linkage table for this movement we need only to’ store :. the
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smallest angle at the beginning of each K region (also called

lower bound of the region) the slope, the base, and the correc-

tion factor.

¥

The lower bound, the base and_the correction factor are all
initially integer values. They can readily be‘converted to'8-bib‘
unsigned binary values. However, the slope is initially a real
value. We decided to convert it to.a 5-bit integer value . (see.
figure 4.12). Five bits.are mofe than encugh to rep;esent ghe

slope which rarely is greater than unity. The remain;né/three bit

are used as control bits.

Control bits

)

b7 | b6 | b5 | b4 b34}b2 b1 | b0

‘Binary representation
-of the slope vaiue

— 0- add compensation o - .
@ factor ’ )
1- substract compensation o : )

factor

O-slopeis < 1
. divide .
I-slopeis > 1 '
multiply

_ : 'SIGN BIT
0--slope is + Ve
1-slopeis - Ve

Fig. 4.12 'Binary representation of the slope :

- 5 bits for magnitude .

-4 bits for control
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To be able to compute the desired poéition B = Fi(®), the
slope, the lower bound of thg region, and the base are'obviouély

needed (see equation 2).

Fi(e) = a(ej - 6k) + C (2)
. -a = slope,

¢ = base

ek =’ iower bound of the Kth region.

However, ”the correction factor is needed to adqut the result of
the operation a(ej;ek) only in the case where the slope was not,
initially, an integer value. In this case, the value of the slope
is  converted to the nearest integer value (up or down) and bit
five (see figﬁre 4.12) is set accofdingly to compensate for the.
édjustﬁent made to the slope valde.‘ When no correction is needéd
the correction factor is:zero and the status of bit 5 of the
slope is irrelevant. When the correction factor is not zero then
the 'status of bit 5 will determine whether ccrrection will take
" place up or down. This method proved toc be simple and efficienf
when tested. It made our programming easy since no arithmetic
(fixed point or floatiﬁg peint) was required to perform the

calculations.

<

!

Using the above ﬁentioned.approach, we constructed the lin-
kage ‘table of the movement that enables the amputee to " reach
for a cup and take it to his mouth" (see table 4.13). Both wrist
and elbow have only two régions of operation, which simplifies
greatly the ﬁable. 'Howevef;f.tables for more complex- movements

are usually longer but they will not be more complicated'than_the
h ‘
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one given on table 4.13.

BINARY VAL‘le HEX VALUE MEANING OF THE ENTRY
0000 0000 00 Region O lower bound (0 deg.)
0110 0001 61 Region O slope (1)

0010 1101 2D Region 0 base (48 deg.)
0000 0101 14 Region O correction factor (20D) | |
0101 0000 50 Region 1 lower hound (85 deg.)
1010 0001 Al Region 1 slope (-1)
0111 1011 7B Region 1 base (130 deg.)
0000 0010 02 Region 1 comrection factor (2)
T
Linkage table for the elbow.
i_\” - 4'

BINARY YALUE HEX VALUE MEANING OF THE ENTRY
0000 0000 00 Region 0 lower bound (0 deg.)
0010 0001 21 Region 0 slope (1)

0000 0000 00 Region 0 base (Q.deg.)

0000 0000 00 Region O correction factor (0)
0101 0101 55 Region 1 lower bound (90 deg.)
0100 0000 40 Region 1 slope (0)

0101 0101 35 Region | base (90 deg.)

0000 0000 00 Region 1 correction factor (0)

Linkage table for wrist.

Table 4.13 -The linkage tables for the movement of reaching
a cup and bringing it to the mouth.
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CHAPTER V
r .
PERFORMANCE OF THE SYSTEM :
5.1 General Comments

In this research work, our main goal was to prove that the
control strategy known as "Extended Physiological . Pf;prioception"
first proposed by Simpson [4], could be ueed to eontrol an elec-
tric prosthesis. There are various reasons why we decided to use
electrieél actuators for our above elbow prosfhesis, as opposed to
Simpson, who decided to use pneumatic actuators and carbon dioxide
to power His prosthesis. Indeed, his design was very successfdl,

and 1s still considered as the reference when powered prostheses

are mentioned, but it had the” following limitations:

1. The prosthesis was carbon dioxide ® powered, this
required_ the carrying of a heavy conmpressed gas
cylinder. Although tHF weight of the cylinder was
compensated for b§ relatively - light attuators, the
carbon dioxide| had a short life and replenishment
presented some difficulties as coﬁbreeseq\gas is not a
‘common household item. Also, the activatiénhgf carbon
dioxide powered joiﬁts tends to be noisy and  attracts

the attention of persons nearby.
[

2. The input/output relationships were fixed mechanically

and were therefore difficult to change.

— - e
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. 3.  Some movements ‘reéuired complex 1input combinations
which were difficult for the amputee to pfoduce.
on the basis of.the above considerations, we desiéned a brosthesis
that used the "Extended Physiological Qroprioception" as the
control modality, but, as opposed to Simpson, all actuators were
electrically powered. Nickel-cadmium rechargeable batteries have

the best power-—weiéht ratio (see table 5.1) of the common power

sources for prostheses, have a long life during normal use, and

are easily recharged using domestic electricity [3].

A American Institute for Prosthetics Research bottle pack with integral
regulator, 112 g CO2,

B Aluminium alloy with regulator attached 31 g CO2.

C Steel cylinder with regulator attached 120 g CO2.

DD Nickel cadmium battery 12V, 5 Ah.

A B C D
Mass of bottle, in g 130 420 ---
N 590 .
Mass of regulator, in g ' 100 100 -
Mass of gas, in g 112 31 120 ---
Total mass,din g | 702 261 | 640 260
Energy stored, in kJ " | os0| 013] 052 13
-" 1]

Fig. 5.1 Comparaison of some of the existing types of energy
store.
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The use of electricityxgs the main‘source of power also
gi&es the advantage of bein& able to use a microcomputer to
control, and supervise the activities of the prosthesis. Hence,
then input / output relationship are not fixed mechanically any
more. They can be variedzto the cénveniénce of the amputee. Eight
different moveménts are provided, but if they are to be modified,
only the software has to be'alteréd. This flexibility greatly
enhance the use of the prosthesis, and makes it more attractive,
from this point of view, than Sfmpson's design. The use of the
microcomputer also gave us the opportunity to provide a fail-safe
product to the amputee. The unbeatable servo fegthre and the power
supplied to the electronic circuit are constantly monifored by the
microcomputer. TIf, at any moment in‘time Ehe prosthesis é%nnot
respond to a command or the batteries are getting dischaged, or
there is an open circuit in the wiring, the amputee is alerted éf

the malfunctioning of the circuit. He then can take the necessary

action to solve the problem.

In our design,.the problem of having to provide complex input
combinations in order to position the terminal device (the hand)
was also overcome by using the modified form of e.p.p., that is:
by wusing only one Jjoint to control the compleie prosthesis
(instead of having‘one intaét joint to control every prosthetic
joint -as Simpson did) we could Ee sure that, whatever the level of
complexity of the movement, as long as. it :is one of the
preprogrammed liﬁkages; the 1level of difficulty and thus the
concentration to perform this movement would.always be the same.

The microcomputer takes care of activating each joint at the
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right moment and makes sure that the coordinated motion is well

performed. This certainly takes off the burden on the amputee,

who can concentrate on something else.

Tests have lbeen performed with the prototype prosthesis
strapped to the side of the arm of various investigators while
performing a ‘variety of daily living and occupatioﬁal tasks.
Thesé have demonstrated the effectiveness of e.p.p. and its
advantages over open-loop control systems.

The tests were performed as follows
An adaptation time of five to ten minutes was given to the
;nﬁestigator, then with his eyes blindfolded he wasl asked to
-lace the prosthetic hand in different positions in space, also
%e was asked to specify where it was. Not more than five minutes
were reguired for ‘*him to get used to one 1linkage. Having
remembered the length of each joint (which was set to same length
as his own natural joints for conveniencé). he could, as a
function of his shoulder position, Eell immediaﬁely where the
prosthetic hand was. The sensation of proprioception was conti-
nously present. It is nof possible to say that the investigator
had the same propriocceptive sen 3ﬁﬁ§j&ith the artificial hand
than he had with his-physiézébi one, Sut the resuit was the

same : no visual feedback was needed to know where it was in

space.

Switching between different linkages was not a problem as
long as a certain learning time was given to the - investigator.

“This learning time was required only once per experimenting
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session and strangely recalled the "warming up" of a tennis
player that; swings his racket back and forth before a game in
order to, once again, merge the racket and himself into alsingle
entity. It is believed that the amputee after wearing his pros-
thesis &  couple of times will get used to the linkages and no
| furthér "warming up" time, or édaptation period, will be re-
quired; the movements and reactions of the prosthesis wili become
his.

From a practical point of view, the prototype prosthesis should

be guite efficient. As an assistant to a valid arm and hand, the

s
Py

prosthesis helped to poéition and hold in place various objects.
When wused in repetitive tasks that involved the simultaneous
movement of shoulder and elbow ( e.g. movements that are similare

kl “ AN

to that involved when painting a wall) the prosthesis was a

faithful replacement to a physiological arm.

In the exercise of reaching a cup or a can and taking it to

the mouth (this example was illustrated in the previous chapter),
the prosthesisl;evealed to be able to mimic closely the movements
of a natural arm. Ewven though smoéthness and dextérity 6f the
human arm were not quite there. specially when performing small
amplitude movements, as the error ( Xd - Xp ) gets-bigger than
the "dead ioneﬁ; the elbow suddeniy jumps out of it. These jumps
e , .
are 'sometimes ‘too jerky which shows a lack of smooth and fine
;ositioning of the proéihetic elbow. It is believed that this is
partly due to the relative age of the motor* of our Boston elbow
that has been intensively used in the past years for prétotyping.

With a new motor this jerky behavior it expected to disappear.

* See Appendix b —————— 76
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The speed of the artificial elbow is less than that of a
biological one, but we found its average of 120 degrees/second to

be sufficient, as it gives a bit more time to direct and position

the terminail device.

Before commenting on the software, it would be interesting

to have a look at some specifications on the basic hardware.
4

with all the components working all the time, the average
poWer consumption of the controlling system was about 10 milli-
amperes. Most.-of the power is taken by the ADC (5 milliamperes)
and the microcontroller (5 milliamperes see [{21] for CMOS equiva-
lent version of 8751). However, when the microcontroller is in
the stand-by mode its power consumption is reduceﬁ to 1 mA
-The Jjoint actuators consume. about l.é to 1.5 amperes (maximum)
when in motiop. Most of the actuation power 1s taken by the elbow
joint, which in return provides é good lifting strength. We also
appreciated the reverse lockiné clutch on the elbﬁw motor that
allows i£ to carry a weight without actually having to drive the
motor. Fram our own measurements four hours of normal daily
activities can be accomplished on one set of batteries. ’The
batteries will recharge in l§ minutes. Thus ,for a normal day of

8 hours of work a single recharge during the day, say-'at lunch

'
time, should be sufficient.

In running the various tests most of the attention was
basically focussed on the elbow joint,. the reagon is that it does

most of the hard work. - However the wrist and the hand units gave

- complete satisfaction. The wrist speed (90 degrees/second) force,
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and fine positioning were adequate for our design. The hand unit,

as previously mentionéd is just a’pinch prehension device, indi-
vidual movements.of the ‘fingers is not provided. This is common

practice in' prosthetics as the individual coordination of the

fingers is extremely difficult and is commonly not used.

The important criteria to judge a prosthetic terminal device
are: the ' pinch force and thg'closing and cpening time. In our
case both were good. The prehension force was a lot greater than
thaf of an average human being, and the opening and closing time

were always less or equal to one second. i - )

From a sof;ware point ‘of view the désign was completely bug
free., 600 1lines of codes in assembler langﬁage were used. With
the 12 mega-Hertz crystal giQing an average execution time of 1
microsecond, no delay could be noticed. The prosthesis responded
instantaneouslf .to the input. The only limiting factor was the
mechanical inertia. <Certainly-the use of look-up tables helped

greatly in speeding up the system, since this minimized the

calculations.

5.2 The Microprocessor Controlled Above-Elbow Prosthesis
a.challenging commercial product.

As it 1s now our above~elbow prosthesis is a good prototype.
However there are too many attractive features in this device for
to remain a simple:prototype. To our knowledge there are no

operating microprocessor controlled above-elbow prosthesis il

N

78



PR

using e.p.p., which is, at the moment, tﬁe most adequate way to
control a prosthesis. If we coﬁpare our design:ta what is commer-
cially available én the market today, there is no doubt that we
have a competitive producgtin our'hénds. There are essentially
two major manufacturers that develop and sell above-elbow pros-

theses. The first one is the Liberty Mutual Assurance company

that sells the Boston elbow, and the second oné is the University

of Utah.

In the Liberty Mutual prostheéis, the meéhanical parts and
the electric motor‘aré exactly the one that we have Qsed. The
difference lies in the control strategy. The Liberty Mutual elbow
is controlied by myoelectric signals from the biceps and triceps
muscles. -ghe technigue used is called proportional myocelectric
control; A small amount of tensidn.on the biceps will cause the
elbow to move slowly. Increaseq muscle acfivity will move it
faster. ‘ |
The opening and closing of the terminal devicé, which c¢an be

either a Greifer or an electric hand, ‘is controlled by the

- shoulder wvia cakbles.

-

The Liberty Mutual system, 1like ours, is ‘simple, easy to

learn and easy to use, however it suffers from two major problems

N

- only one degree of freedom is provided (not counting the
hand prehension), thus no coordinated motion is possible.

- ho fofm of feedback is-provided to the amputee, which

makes this system totally open-loop. Thus the operation:of
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this device requires constant visual mohitoring from the

user.

The other group that has devgloped and sells arm prostheses
is the one at the university of U£ah._ Qualifative judgemeﬁt of
this prosﬁhesis was difficult as it was not a?ailable for tésts;
In any éase, ‘it also makes use of proportional myoelectric
control to operate the various degrees of freedoms, but here
again, the system runs in open-1loop since no feedback is prbvi&ed
to the amputee. The Utah arm is certainly more advanced and
flexible than the Liberty Mutual Boston elbow as it provides a
possibility 'to have a myoelectriq contreolled wrist and terminal
device (haﬂa or Greifer) or passive wrist rotation and cable
operated terminal device. But here again, there is the difficulty

of executing cocrdinated motion of shoulder, elbow, and wrist.

From the above discussion it can be concluéed that our
hicrop{ocessor-controlled device has strong arguments to chal-
legge the available products on the market. Our control strategy
has proven to be among the most efficient ones. We strongly
believe that with more financial support and technical assistance

this prosthetic. arm could become a valid commercial product.

Ty
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The following are some of the important prosthetic and

scientific terms used in this thesis.

Abduction

Adduction’

Amelia

Bilateral amelia
- .

/

s ,
Desaktlculatlon‘

{shoulder)

EMG

e.p.p.

:  to move or pull part of the body (in the

context of this paper: the shoulder joint)

away from the median axis.

—

: to-pull a part of the body (in the ébntext

of this paper : the shoulder joint). toward the
median axis.’

-
i

see bilateral amelia.

bilateral amelia, Besignateé an individual

with amputations on both sides of the body.

A shoulder desarticulation amputee is a

patient that hastn1amputation‘at the shoulder

joint. :
B

stands for "“Electromyographic”

signals.
Electrical signals resulting.from the contrac-

tion or expension of muscular tissue.

stands for "extended physiological proprio-

ception'. ‘Controlling concept, first intro- .

. aa ]
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Goniometer

"Griefer

Linkage
Mygcelectric
Multifunctional

prosthesis

Optimal-linear

Pronate

Pronation

Proprioceﬁtion

S

duced by Simpson, and used by him to control

artificial l#mbs. It is based on extending the
a

proprioceptive sensations present in intact

juints te the artificial ones.
:. instrument used to measure angles.

: terminal device used to replacé the hand, it
¥

is just composed of a pinch prehension mecha-

nism (i.e there are no independent finger

movements).

-~

: relationship existing ketween the input and

output of the prosthesis.

: same as EMG.

-
[

: A prosthesis having many degrees of freedom;

that can perform various movements.

term used, in this context, to characterize

¢

the fact that all the frequencies of the given

signal are used as useful information.

: to rotate (the hand or forearm) so that the

ralm faces down or toward the body.

See pronate.

: position sensation, see proprioceptive.
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Propricceptor

Proprioceptive

sensations

Shpinate

Supination
Synergetic

Terminal device

Unbeatable servo

: sensory end organ in the muscles, tendons,
etc. that are sensitive tg the stimuli origi-
nating in these tissues by the movement of the

body or its ﬁarts.

El

: stimuli produced in body tissues, as muscles
or tendons, and received there by the proprio-

ceptors.

to rotate (the hand or forearm) so that the

palm faces upward or away from the body.
see supinate.
working together; cooperating.

commonly used in prosthetics to designate

the artificial hand or what replaces it (e.qg.

hook, Griefer etc...).

: concept introduced by Simpson to prevent the
input of a servo mechanism to go faster or

further than the output.
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Appendix B

A

GO,

" INITIALIZE PROSTHESIS
PAST POSITION VALUES

SELECT MPX 0 AND
CLEAR DRAKE BIT

| sTartapc |

READ CURRENT
SHOULDER POSITION

I

DETERMINE DIRECTION
OF SHOULDER MOVEMENT
AND SAVE FOR SERVO

START WRIST
MOTOR

SET PAST SHOULDER POS.
TO PRES, SHOULDER POS.

READ LINKAGE
SELECTION SWITC1

STOP WRIST
MOTCR

-

J

ELBOW IN
DEAD ZONE

COMPUTE ELBOW
ERROR
(SEE F1G. A.2)

START ELBOW
MOTOR

COMPUTE WRIST
ERROR -
(SEE FIG. A.3)

 —

STOP ELBOW
MOTOR

s+ SETTIMER = "T"

. START TIMER

WAIT UNTIL
TIMER = 0

Fig. B.1 Flowchart of the prosthesis control

algorithm,
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START

COMPUTE REGION
OF OPERATION _
(SEE FIG. A 4)

COMPUTE DESIRED ELBOW. -
. POSITION FROM LINKAGE

SELECT MPX 1
START ADC

l

READ PRESENT
ELBOW POSFTION

l

COMPUTE ELBOW
ERROR

(SEEFIG. A.5)

ERROR >
ERROR MAX

ANY DRIVE
LAST TIME ARCUND

CLEAR BRAKE

BIT

-

DID
ELBOW MOVE ?

SET BRAKE
BIT

Fig. B.2 Flowchart for the computation of the elbow

._

CITOT.

ERROR WITHIN
DEADZONE

SET ERROR TC

4

gy

PASS ERROR TO
MAIN PROGRAM

SET PAST ELBOW POS.
TO PRES. ELBOW POS,

. ( RETURN )
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-

" START

Y

COMPUTE REGION
. OF OPERATION
(SEEFIG. A4)

!

~

&

COMPUTE DESIRED WRIST
.POSITION FROM LINKAGE

=

SELECTMUX 2
. +START ADC

READPRESENT .
ELBOW POSITION

COMPUTE ELBOW ERROR
(SEEFIG. A.5)

ERROR WITHIN
DEADZONE

SET ERRORTO
"

SET PAST WRIST POS.
TO PRES. WRIST POS.

Fig. B.3 Flowchart for the computation of the wrist

PASS ERROR TO
MAIN PROGRAM

(L )

€ITOor.
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SET:COUNT =0
POINTER = 0

FIND FIRST DECISION
POINT (DP)

> {

IS comomp\ N .

INCREMENT COUNT WE ARE IN
AND POINTER d ZONE = COUNT

* [

' ACCESS LOOK-UP '
A TABLE RETURN
FIND NEXT DECISION
POINT (DP)

ay

Fig. B.4 flowchart for the computation of the operating
region within the look-up table. .
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( START ) |

GET PARAMETERS FROM
CALLING PROGRAM

COMPUTE ERROR
BETWEEN
INPUT AND QUTFUT

SET DIRECTION
FLAG

l

PASS PARAMETERS
TO CALLING -
PROGRAM

D)

/?l'g. B.5 Flowchart for the computation of the error
between input and output.
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-

GONIO
GOPAST
ELPAST
OIRECT
- WRPAST
DRIVLO
DRIVEH
LINK
ELBRIUV
WRORIV
ELDIR
WRDIR

WTABLE :

TAELES:

BEGIM:

APPENDIX C

PROGEAM FOR THE CONTROL OF THE PROSTHESIS.

EXTRN CODE (ELBOW. WRIST. LOOP)

DATA

DATA

DATA
DATA
DATA
EQU
EQU
DATA
DATA
DATA
DATA .
DATA

560

¥ PAM ADDRESSES

s70 .

58D

B30
ODF.
OBl

H . //
H — .

72D

730
74D
78D
780

CSEG
PusLiC
ORG
AJMP

ORG
CLR
RETI

TABLES.WTRELE
8]8),
BEGIN

DRG

DB

0B

DB

OB

mMouv
MoV
MOou
MoV
Mou

/

30H

OOH . %1H.00H.COH.OFFH.00H.41H.00K.OCH,. 7FH, OOH
BOH.O00H.OFF .O0OH.40H . S0K.O0H.SOH, 414, 50.00H,
OFFH.30H, 35H, 3EH .

30H.35H.3EH

OOH.02H.COH.OOH.OFFH,COH.41H.OCH. COH.7FH.OC1H
BOH.OOH.FFH.OOH.40H.OCH.O0OH.OFFH

4AH . Y4FH . SBH Lo

3P, #500,

GOPAST . #00

ELPAST . #00

WRPAST . #00

JUICE. #00 : INITIALISE ALL STORAGES

/x
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DEBUT -

OELAYO:

DELAY1:

BACKWAR :
_NEXT:

GOON:

CLR

CLR
CLR

CLR |,
NOP
o[V
NOP
DINZ
SETB

MoV
Mo

MOuU
MUL

DJINZ™ -

NOP
SETB

‘CLR

- MOy

Mav

Mo
SETE

CLR
CLRE
SUEH

. JC

MOou
AJMP
Mou
MoV

rouv

Mouv
ANL
Moy
NOP
ACALL

ACALL
CLR
Moy
/0D
JNZ
SETB
SETB
ACALL
AJMP
NOF
Mou

PpPe.0 ; REMOVE BRAKE

P2.7 “SELECT MUX 00 I.E. GONID
P2.6 -
P3.6 . :CLR WR LINE TO RESET ®DC
RO.#1000 — —
RO.DELAYO . :
3.6 . :START cumuz&srow (WR IS NOW
:HIGH) P
RO . #80D :
A, #25D0 :SET DELAY TO ALLOW FOR
: CONUVERSION
B. #0AH
“aB
RO.DELAY1
P2.6 :SET MUX TO 01 TO READ ELBOW
P3.7 :CLR PORT RD SO THAT DATA IS
:LATCHED QUT
P1.#0OFFH :SET PORT1 AS AN INPUT PORT
GONIO.P1
A.GONID ‘ :
P3.7 ;LINE RO BECOMES HIGH
P3.6 'RESET ADC WITH WR TO LOW
C
A.GOPAST :CHECKX IF GOMID IS G.E. IO
: GOPAST
BACKWAR
DIRECT. #0610 . ;YES GONIO IS G.E TO GOPAST
NEXT . .
DIRECT. #00 :NO SET DIRECT. 10 O
GOPAST.GONIO :SET PAST POSI. -TO PRESENT
: ONE .
PO.#OFFH :SET PORTO AS AN INPUT PORT
A. PO ;READ IN UALUE OF LINKAGE
A, #07 ‘ :USE ONLY FIRST THREE BITS
LINK.A :PUT LINKAGE UAL. IN LINK
ELBOW ;CALL ROUTINE THAT COMPUTES
:ELBOW ERROR
WRIST ____:DO THE SAME FOR WRIST
C
A.ELORIV :CHECK IF WE ARE IN DEAD ZONE
A.WRDRIV
GOON :NOP THEN KEEP GOING
P2.5 :YES STOP ELBOwW MOTOR
P2.3 :YES STOP WRIST MOTOR
LOOP :WASTE 20 MS
DEBUT :G0 BACK TO THE TOP
1P, #08BD ;SET PRIORITY LEVELS
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NDOTZ2IP:

COUDE:

0K : Ny

SUITEL:
WAISTE:

CIRCLE:

Hav
u(n]®
Mou
rov
nau -
mMov
Mo
rov
Mou
JINZ

SETB
AJMP

CLR
mov
Mov
nav
JNZ
SETB
MoV
AJMP
CLR
Mou
SETE
Jz
AJMP
AJIMP
END

IE,#100C1000
TMODD. #10H
A.ELDIR.
C.aCC.Q
Pe.4.C
A.WRDRIV
C.ACC.0

‘P2.2.C

A WRDRIV
NOTZ21P

P2.3
COUDE

P2.3
TL1.#DRIVLO
TH1.DRIVEH
A.ELDRIV
oK

Pe2.5
JUICE. #C0
SUITEL

2.5

JUICE. #01
A, #01

TR1
CIRCLE
wAalsT2
DEBUT

= 97

:ENABLE INTERRUPT FGR TIMER 1
:SET TIMER 1 AS 16 BIT TIMER
:PUT ELBOW DIRECTIDN IN ACC

;SET DIRECT OF DRIVE OF ELBOW
:PUT WRIST DIRECTION IN ACC

:SET DIRECT OF DRIVE OF WRIST
: 1S WRIST DRIVE ZERO7?

;IT IS STOP WRIST MOTOR
:G0 TO ELBOW

:START WRIST NOTOR

;SET TIMER TO 20 1S

. 1S ELBOW DRIUE ZERO?

JIF IT 1S NOT BOTO OK
:1T IS TURN ELBOW OFF"
:SET JUICE FLAG TO MODRIUE

+NO TURN -ELBOW MCTOR OM

; START TIMER

;WAIT FOR TIME TO ELAPSE
: 50 BACK TG THE BEGINING



ELBOW ROUTINE

THIS SUBROUTINE CALCULATES THE ELBOW DRIVE

PUBLIC ELBOUW
EXTRN CDDE(REGIDON,LINKAGE,DRIVE)

RAM ADDRESSES

ELDIR DATA 250

ELDRIV DATA 73D )
ARM DATA 58D -
ELPAST DATA SSD
OVERFL DATA 79D ‘ -
JUICE DATA 62D
BRAKE oaTA 80D . .
RANGE EQU . 07D
DIRECT  -DATA £0D
ELZONE DaTA 64D
ELBWL . DATA 65D
ELMINI EQU 05D
COUDE . SEGMENT  CODE . -
RSEG COUDE
ELBOW: MOU R1, #00 :SET FLAG TO O = ELBOW CALLING
~ ACALL REGION " .CALL ROUTINE REGION
MOV ELZONE, R1 :USE R1 TD PASS PARAM BACK TO
:CALLER 4
MOU RO, #00 :SET RO IO ZERD =~ELBOW CALLING
ACALL LINKAG :CALL ROUTINE THAT COMPUTES ELBOW
;DESIRED POSITION
MOU OUERFL, #00 . INITIALIZE CUERFLOW FLAG
SETB P2.6 ;SET_MUX TO 01 READ ELBOW
CLR P3.6 :RESET ADC
NOP
SETB P3.5 ;START CONUVERSION-SET WR LINE
- - MOV RO.#0FFH {
DELAY3: MOU A. #250 : - \\
MOu B.#0AH :SET DELAY LOOP FOR\CONUERSION
MUL AB
DJINZ RO.DELAY3
SETB P2.7
CLR P2.B6 . PREPARE MUX FOR WRIST READING
CLR P3.7 :LATCH DATA
MOV P1,#0FFH :SET PORT1 AS AN INPUT PORT
MOU ARM, P} *  READ IN UALUE OF ARM
MOu R3.ARM
MOU A.RY
MOV R2.A
MDU " R4.ELPAST : PASS PARAMETERS USING REGISTERS
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PARIS:

COMPAR:

FREIN:

DEAD:

"NODORIV:

FIN:

ACALL

Moy
CLR
ADD

JINZ
CLR
MOou
AJMP
rou

SUBB
JNC
CPL
INC
CLR
SUBB
JNC
CLR
(ylulV}
SETB
nou
CLR

. SUBE

JC
Mou

aJrMP
MoV

NOP
RET
END

e

DRIVE -
ELDIR.R3

A

A, JUICE

PARIS
P2.4
BRAKE., 800
DERD
A.ARM

A.ELPAST
COMPAR

A

A

C

A, #RANGE

DEAD

A

BRAKE., #01
P2.4

A, R4

C _
A, #ELMINI

NCDORIV
ELDRIV, KR4

FIN
ELDRIV, #00
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;CALL ROUTINE THAT COMPUTES ELBOW
:DRIVE

;PASS PARAMS USING REGISTERS

iANY ORIVE APPLIED LAST TIME
:AROUND 7

:NO DRIVE BEFORE

i FREE BRAKE !

:CLR BRAKE FLAG ’

;GOTO THE DEAD Z20NE TEST

: THERE WAS A DRIVE APPLIED LAST
i LAST TIME AROUND THE LOOP

:00 ACC = ARM-ELPAST

;ADJUST RESULT TO ACC=CPL{A) =+ 1

i HAUE WE MOUVE MORE THAN RANGE 7
:0K GOTO DEAD TEST

i SET BRAKE FLAG
:APPLY BRAKE
;i PLACE DRIVE UALUE IN ACC

;CHECK IF COMPUTED DRIVE IS
:GREATER THAN MINIMUM

;WE ARE NOT IN. DEAD 20NE
:SET ELBOW ORIVE = DRIVE

;WE ARE IN DEAD ZONE SET DRIVE
; TO Z2ERO



WRIST ROUTINE

THIS SUBROUTINE CALCULATES THE WRIST:

PUBLIC WRIST
EXTRN CODE CREGION,LINKAG,DRIVE)

RAM' ADDRESSES

WRISTP DATA 83D

WRPAST DATA B30
WRDIR DATA 760
WRORJIV DATA 74D
WRZONE . OATA E70
WRIMIN EQU 07D
WRIMAX EQU * B3D

POIGNE SEGMENT CODE
RSEG  POIGNE

WRIST: mov R1, #01 " :SET FLAG, WRIST IS CALLING

ACALL REGION :FIND OUT WHICH REGION WE ARE IN
Mo WRZONE, R1 .
[all! RO. #01 : PASS PARAMS TO LINKAGE ROUTINE
ACALL LINKAG :CALL ROUTINE THAT COMPUTES
;: THE DESIRED POSITION
MOV A.RY
MOouU R2.A ; PASS PARAMETERS
CLR P3.6 :RESET ADC
NOP
SETB P3.B : START CONUERSION
MOU RO. #800
DELAY4: MOU A, #250

MOV B.#0AH
MUL AB
DJINZ RO.DELAYY
CLR P2.7
CLR P2.B :SET THE MUX FOR GONIO READING
CLR P3.7 :LATCH DRTA OUT
MOU P1,#OFFH :P1 AS AN INPUT PORT
MOV WRISTP,P1 :STORE~IN WRIST POSITION
CLR P3.6 :RESET ADC
Mov A, #EOH ;00 A SOFTWARE SWITCH
CLR C ‘
SUBB A.R2 ;CHECK IF DESIRED POSI IS >4,35U

: Jc LIMIT :

> MOuU R3.WRISTF -
MoV R4 . WRPAST ; PASS PARAM TO ROUTINE
ACALL DRIVE :CALL ROUTINE THAT COMPUTES THE
’ ;ORIVE . '

MOU WRDIR,R3 :GET DIRECTION'OF DRIVE
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LIMIT:

FINI:

CLR
MOy -

SUBE
JC
Moy
Hauv
AJMP

Mgy -

NOP
RET
END

C

ARY

A, #WRIMIN :CHECK IF WE ARE IN DEAD 20NE
LIMIT

WRORIV, R4 *+GET PARAMETERS BACK -FROM DRIUVE

WRPAST .WRISTP :SET PAST POSI TO PRESENT POSI
FINI

WRORIV, #00 ;WE ARE IN THE FORBIDEN ZONE
:SET DRIVE TD 2EROQ
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SUBROUTINE REGION

KA

THIS SUBRDUTINE FINDS THE REGION OF DPERQTIDN WITHIN THE
LOOK-UP TABLE. ‘ 7

PUBLIC REGIDN
EXTRN CODE (TABLES,WTAELE)

RAM ADDRESSES

COUNT DATA 91D

lo0e

LINK DATA 72D
Z20NE DATA 382D
. GONID DATA SEBD r
AREA SEGMENT
RSEG AREA \
REGION: MOV COUNT , #00 :CLEAR COUNT
MoV ALR1 :CHECK WHICK ROUTINE 1S CALLING
JINZ WRISTO : IF R1=1 WRIST IS CALLING
MOU A.LINK :GET LINKAGE SELECTION
. MOV DPIR, #IABLES : POINT ' TO LINKAGE TABLE
S AJMP GOKEAD
FWRISTO: MOV A, LINK
; MOV DPTR:WTABLE
v BGOHEAD: MOUC A.BA+OPTR
ADD A, %40 ;A= No OF ENTRY IN TABLE
MOY RO, A : RO POINTS TO NEXT REGION
MOV OPIR, #00 :SET DATA POINTER TO ZERO
HMaue . 9, @A+DOPTR :A=NEXT LOWER BOUND
CLR c ' :
SUBB A, GONIO .00 LOWER BOUND (ZONE#7?)-GONIO
Jc SEARCH :XEEP ON SERRCHING -
y[a[¥} R1, #00
’ RET il
. AGAIN: MOV A, #4
i : ADD A, RC ;NOW A IS POINTING TO THE NEXT
;REGION
MU RO,.A :UPDATE POINTER
: )
MouC A,BA+DPTR ;A=NEW LOWER BOUND
SUBB A, #OFFH :ARE WE AT THE END OF THE TABLE 7
Jz OUVER .IF TRUE GOTO OUER
MOU A.RO :SET A TO NEW LOWER BOUND AGAIN
MOVC A.@A+DPTR
CLR C
SUBB A.GBONIO 2
JC SEARCH
QUVER: MOV R1.COUNT ;WE ARE IN REGION. COUNT



SEARCH:

RET
INC
AJMP
END

CAUNT
AGAIN
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L INK
Z0NE
GONIO
LEVINF

e = =
—t
m
e

LINKQG:

SECTAB:

ICT:

SUBROUTINE LINKAG

THIS RDUTINE IS CALLED BY THE ELBOW AND THE WRIST ROUTINES, .
IT CALCULATES THE DESIRED POSITION USING THE FRESENT
POSITION UALUE, THE OPERATING REGION AND LOOK-UP TABLES.

PUBLIC LINKAG
EXTRN CODE (TABLES,WTABLE)

DATA

DATA
DATA
EQU

720
SeD L g
56D
04D

SEGMENT CODE

R5EG

rav
rMav
JNZ
Moy
HMOu
AJMP
plaiy
Mou
MouC
y[e]V]
MoV

ncuv
MUL
NOP
FMov
Mgy
ADD
MOV

MOV
rMouc
Mov
XCH
SUBB
MOy
CLR
INC
Moy
MOouC
Mo
Mav
JC

LIEN

A, RO
Z0NE,R1
SECTAB
A, LINK

DPTR, #TABLES

ICI

OPTR, #WTABLE

A,LINK

A, EA+DOPTR
RO.A

A, Z0NE

B, #LEUINF
AB

R1,A
A, RO
AL.R1
RO,A

DPTR. #00
A, BA+DPTR
R6,GONIO
A.RB

A, RE

RB, A

c _

RO

A. RO

A, @A+DPTR
R3, A
C.ACC.B
MULTI
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;CHECK WHICH ROUTINE IS CALLING
:UP-DATE Z0ONE OF OPERATION

; IF A=0 ELBOW IS CALLING

;GET LINKAGE SELECTION

; POINT A BEGINING OF TABLE

; RO=ADDRESS OF TABLE I

:SET PROCEDURE TO GET OFFSET IN
; TABLE

;MOVE INFO LEVEL INTO B

JWE NOw HAVE OFFSET IN TABLEI

;A = ADDRESS OF TABLE I

:A = STARTING ADDRESS+OFFSET

:A CONTAINS STARTIING ADDRESS OF
; ZONE OF OPERATION

;SET DOPTR 10 00 = BASE
;A = LOWER BOUND OF REGION
iRE = GONIO = INPUT

i A=GONTO-LOWER BOUND =EPSI]
;SAVE EPSILON IN RB

; RO POINTS TO SLOPE

; DIVIDE OR MULTIPLY 7
; IF SIXTH BIT OF SLOPE SET



; GOTO MULTIPLY
ANL A.#1FH

Mou B.A ;B IS NODW EQUA¥ TO SLOPE
MOU A.RB :A = EPSILON
DIV AB {SLOPE.5 NOT SET DIUIDE .
MOV ‘R4.,A :R4 = (EPSI/SLOPE) INTEGER
. - . ; PART '
Moy A, B | r\
RLC A ~ : ‘A = 2A _
MOU R7.,A :SAVE 2A IN R7
MOU A.R3 :GET SLOPE IN A X
ANL A, #1FH
NOP : : :
SUBE A.R7 ;D0 A= 2A-SLOPE
INC HAITI
INC R4
AJMP HAITI
MULTI: MOU R7.A
ANL A, #1FH : :AGAIN MASKOUT SLOPE CONTROL
MOU B,A
MOV A.RE '
MUL A.B ;D0 EPSILON x SLOPE
MOU R4, A :R4 =~ (EPSI x SLOFE)
HAITI : MOU A, #20 ‘
: AnD A, RO ;A ~ POINTER TO CORRECT. FACTOR
MoV Ri,A '
MOUC A.GA+DPTR ;A = CORRECTION FACTOR
MOV RS, A : SAVE C. F. IN RS ‘
Jz SIMPLE ;ON ZERQO DON’T ADJUST RESULT
MOU B,A :B = CORRECTION FACTOR
MOV A.RE :A = EPSILON |
DIy AB ;R = EPSILON/C.F.
MOU RE.A
MOU A, B
RLC A iR = 2A-
CLR c .
- XCH A.RS ;D0 A=CORRECTION FAC.. RS- 24
SUBB A, RS ;D0 CORRECTION FAC. - 2A
JINC SKEEP -
INC - R2 :ROUND UP THE RESULT IN R2
SKEEP: MOU A.R7 .A = SLOPE
MOU C.ACC.S ; CHECX WHETHER BIT FIUE OF SLOPE
. ;IS SET
Jc SUBSTRA :1F C SET SUBSTRACT- -
; IF C RESET SLOPE WAS UNDER ESTIMATED THUS ADD
MOU .. “A,R4 :A=EPSI(/J0R(x) SLOPE - ‘
AaDD A, R2 :A~EPSI/x SLOPE - CORRECT. QUANTITY
AJMP °  THERE
SURTRA: MOV A, R4 N
CLR C N :
SUBB A, RE ; A=EPS1/xSLOPE-CORRECT. QUANTITY
THERE : MOy R4, 8 ) SAUE-A IN Ry



-~

SIMPLE:

- NEGA:

DONE:

MOV

INC
MoV

JC
MOU
MDUC
ADD
AJMP
CLR
MOU
MOUG
SUBB
MOU

RET
END

A,R3

RO
C,aCc.7

NEGA

A,RO

A, BA+IPTR
A,R4Y

OONE

Cc

A, RO

A, EGA+DPTR
A, R4

R4,A

_:A =SLOPE
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; RO = POINTER TO BASE

:CHECK BIT 7 OF SLOPE FOR, SIG
; OF SLOPE . '
; IF ACC.7 IS SET SLOPE IS NEGATIVE -

iBGET BARSE - | .
iA=C(EPSIXSLOPE +- RESULT) +BASE

;A = POINTER TO.BASE »
:A = BASE

; A=BASE-(EPSI*SLOPE+- RESULT)
:DESIRED POSITION IS PASSED BACK
;TO CALLER THROUGH R4 '



-ODESIR
PRESEN
—-EOTATE
OUERFL

PULSE

ORIVE:

~

BAKWAR:

UARZI :

SUBROUTINE. DRIVE

THIS SUBROUTINE COMPUTES THE ERROR BETWEEN INPUT AND
OUTPUT. IT MAKES USE OF THE PRESENT POSITION AND THE

DESIRED ONE. IT/IS CALLED BY THE ELBOW AND WRIST
ROUTINES. . .

£
PUBLIC DRIVE:

RAN ADDRESSES

‘DATA - 84D
DATA 85D
DATA 860
DATA 87D

T T T T T T T T T T e T T e g e e = = R = —

SEGMENT  CODOP

RSEG PULSE

CLR C 5

MOou DESIR.R2 *

MOU PRESEN, R3 .

Mou A.DESIR :PUT DESIRED POSI IN ACC

SUBB A.PRESEN ;D0 : DESIRED-PRESENT

JC BAKWAR -~

MOU ROTATE, #1 :DIRECTION IS CCU

AJMP uazl

CLR C

MOU A.PRESEN ;00 : PRESENT-DESIRED

SUBB A.DESIR

MOV ROTATE, #0 :DIRECTION IS Cu

MOU .. OUERFL.#0O _

MOy R4, A . PASS DRIVE UALUE USING R4

MOV R3.ROTATE :PASS DIRECTION BACK TO CALLING
. PROGRAM :

RET

END
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JUICE

LOOP .

START:

PMINUTE:

DONE :

SUBROUTINE LOOP

THIS ROUTINE-LDOOP IS USED AS A TIME BASE WHEN NO
DRIVE IS APPLIED TO THE MOTOR. THIS ROUTINE LDOPS
FOR 20 MILLISECONDS AND RETURNS TO THE MAIN PGR.

SEGHENT
LDOP1

Pe2.
P2.

W

IP, #0BD
IE, #B8BH
THMOD. #210H
RO. 45

. A RO

DONE
TL1.H#ODFH
TH1, HOB1H
TR1

RO

A. #01
START
MINUTE

JUICE, #00

CODE
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; STOP ELBOW MOTOR
:STOP WRIST MOTOR

 ENABLE INTERRUPT FOR TIMER #1
:SET TIMER #1 AS A 16 BIT TIMER
{SET LOOP COUNTER IO 1

; WHEN COUNT IS REACHED STOP
:OF=CPLC201]

; B1=CFLO4E2

:START TIMER

; BECREMENT COUNTER

.CLR JUICE FLAG I.E THERE WAS NO
:ORIVE APPLIED THIS TIME



APPENDIX D

The Boston elbow makes use of a D.C. motor for the elbow
actuétion. It is often believed that for robotics applications,
such aé the one under.consideration, a step motor would be more\ -
apgropriate. The main reason behind thislis the fact that thHe
control required to operate a step motor is in general much
simpler than that re@uired to operate a D.C motor [22), because
feedback is not required. Position information is inhe}ent in a
system using a step motor. However we do not think that.this Kind

f
of motor would be as good as a D\i; motor in our system for the

following reasons
1) The step motor suffers from many . known disadvantages
f23]:
- Fixed step angle or increment of motion; lacks
flexibility in step resolution
- Low efficiency with ordinary driver; 1low power to
welght ratid (lower than a comparable D.C. motor)
- relatively high overshocot and oscillation in step
response A
- Limited  ability to handle large and non-constant

inertia loads

2) The lack of feedback is both the greatest attribute and
1 .
the greatest drawback of the step motor. When a motor is

moving rapidly, in a slewing mode and the control

pulses suddenly stop, the motor may easily have enough

foward momentum to carry it all the way past the aesiréa

109



stopping point around to the next stable point. This
could be the cause of a positioning error highly related
‘to the relative loading of the arm. Certainly this is

not acceptable in prosthetic applications.

3) In order to provide the elbow with passive holding force,
gears would have to.be used which , inevitably, would
lead‘to the‘same dead zone problem (i.e. a certain margin
must. be left for the piay.of the gears)} encountered

with our D.C. motor cdupled to gears.

All the above mentioned facts are arguments that convinced

us that the ftilization of a step motor for elbow actuation would
: Y

not lead to any significant improvement in the performance of the

prosthesis.
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