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LOGIC CONTROL OF PARTIAL ACTIVE DRTMOSES
VIA REAL-TIME COMPUTING SYSTEM

S.R. Lezarevié and S.M. Jaukowvié

Abetrast

The results presentad im this papsr reffer to tha AMOLL pro-
Ject, uhase prineipsl objective 12 to restore the function of lo-
comotion by an active nrthases. An approach %o the aynthesis of
the semisutomatiec = logie locomotion control systes withim a real
time eomputer is proposed, The described control system providea
the follouimg locomotion actiona: stationary geit, aitting-doum
and standing-up. The adopted tachnique of modeal bullding has ane-
bled the madular organizatien of the control aystem. Any motion
is composed by successive activatiom of modules im aceorxrdancs
uith aome predefimed gequence. The maim feature of the proposad
contraol syatem restsonon tha fact that the adoptad ssquence cem

ba easily expanded, reduced or rearramged im order to include
some othar sctivities, while the modules are nat sffectad. In ade
ditiom, the galt parametars. are defimed via the mbdule peramatars
sn that tha control functian is invariant im respect with the gi-
ven system performance.

Introduction

The design of bicengineerimg control system uirich will he
capable of duplicating the function of human extremities han been
long under consideratian (1-3/. However, due to ths complexity aof
the bilological control system and ita ability in cerrying out ra-
thar compliceted opsratione, no machima yet deviced can fully sup-
plement the functicnimg of £he bioclogical systems. Moreover,
There seaw that such a device cannat be expactad in recent futu-
te. O the othexr hand, growing needs for the bloenginsering sya-
tens for industrial and commerzcial use a= well as for sasistance
to physically handicapped parsons eall far continuous improvemant
in alpeady exisating sachinax and rfor the construction the new u
ensa. The inereaasing intarest in the design of biasnginearing co-
ntrol aystass has paturelly resulted im variety of diffarant ap-
proaches: ta the solution of tha sfore mentioned problems. Among
them, the semiasutomatic = logic approach ssems to be rather pro-
misaing since it resulta im tha controller which isx remarkably
gsimple despits the complexity aof the pruceas uhich ia controllad.

Tha intarest in the semisutomadic approech haa hean stimu-
leted by desire ta enable the patiant to achieve full interacsd
tiom with the orthotic dewice during the locomotion im the sanse
af syatem control es uell as of internal - patient energy supply.
In addition, compared with analog eontrel, logic spproach dus to
its nonumezical nature, offers aignificamt reductlom im time re-
quired for control =ignals generatiom, which is of great impaxta=
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ncs for the real-&ims contnol of locomotion. The logie contral
ahould also be visued through the Pact that .the ratural bhiola-
glcal syatem generatesx its control im secordance with the quite
similar principlés, therefore, if 2n orthotice device ahould du-
plicate humen action, than it is likely to sxpect that the can-
trol has to be realized on & logie, rather than numerical basis,

Since the semiautomatic control mssumes the active pati-
ent‘s colaboration it is obvwioua that the main problem arises in
the qualitative description of man - machine intaraction., Soms
efforts have already besen made towards the technique of locomos
tiom model building /4/, vhere it is explained how any locomoti-
en. action uhich sasumes both man and machine activities can be
ropresented by a discrete simulation model. Mowewsr, there im
8till & question how those particular nodels, describing certain
locomotion actions should be assembled ao aa to represent the ge-
neral locomotion control system.

This paper attsmpts to show hov the locomotion control By s=
tem could be designed end realized within = real-time computing
aystem. The deacribed control system incorporates the follouing -
locomotion sctions: stationary gaik, sittimg-doun, and standing-
up. The assumed techniqua of model building hed suggested the
modular opganizetion of the eantrol system, That i{s, any motion
can he achleved by only twe actions - modules, and succeesive se—
tivation of these modules in accordance with soms predefinad sg-
quence can fulfil any particulap locomotion. task. The main adva-
ntages of the control aystem lies in tha faat that the adopted
ssquance can be easily expanded, reducaed or rsarranged in order-
t0 include soms othar actione. (eg. ataircass gait), while the
modulas are not affected, In addition, the gait paremsters ars
raprasented as the module paremsters,,so they can be changad in
the atraight forward manner. .

It ahould be paintesd out that the presentad control systam
has been primarily dedicated to the AMOLL Project. /5/. However,
the described zoncepk, due to its modular nature, can also be-ap~
pliad to any oxthottic device which has the possibility. for man -
machine intsraction during the gait, - "

Basie Conkrol Principles

It is well known that the design of the eontrol algorithm
atrengly depends on the model of the process which is going to be
controlled, Howsver, nsither the stats vecter nor the model it~
zelf ias, im genaral, uniguely dstermined. In additiom, semiauto-
matic, iugic control of locomotion calls for system description
by finite swt of continuous and discrete warisbles, rather than
in the form of differential or differance equations, which impe
lise that this system cannot be trestad according with the clas=
aical principles of system theory. The complexity of the problenm
is Pfurther incressed by the raguirement that tha human factor has
o be incorporated in the model. Taking all this into accoumt it
is obvious that the stets vector shovld be adopis¥ on the greund .
of wvisuval anslysis and sxpsrimental measurementsa: yith human being.
The on=line msasurements of the human gait /6/ has indicated that
im any locomotion action it auffiecisnt to keep track on the
changes im joint sngles as well as the contacts with the ground,
Therafore, the atate vector is adopted as shown ih Figure 1. It
should be noticed that the comcept of semiavtomatic control im-
plies the use of the crutches as the only means by which the pa-
tiend can transffer his internal snergy to 4he aystem. In order te
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CONTINUOUS VARIABLES:
HIP, KNEE, ANCLE ANGLES

DISCRETE VARIABLES:
HEEL, MID, TIPTOE . SOLE
SENZORS STATES

Fig. ll

allou maximum freedom in patient’s activity, the positions of the
crutches were not included in the state vector.

Simulation of the locomotion process pequires simultansous
realization of two basic tasks: control aigrals generation and
maintagthming patient stability. Since the adopted state vector co-
naistas of two different types:of variables - continuous and dis-
crate = where the lattet one apriori canpot be controlled it se-
ems reasonable to diwide state vector in functional sense as well,
Conssquently, jolndk dnglés should be considered as controlled va-
riblss, while the contacts with the ground pley the rele in chec~
king of patient®s stability. Therefoge, the synthesis of the con-
trol algorithm should be done mso to provide the appropriate cha-
nges of joint angles. Furthermore, it should be adaptive to the
fesdback infurmations from the sensora in order to detect and
deal with the hazardous situations.

Onece the state vector is divided in functionsl sense therts
is still a question which varisblee showuld be directly contrulised,
that is, if the logic cortrol is considersd, which wvariables sho=~
uld reprasent the output of cybarnetlc actuators /2/. Therxough
analysia of experimental results has indicated that only four ac-
tuators located at the hip and knee joints might be sufficient to
accomplish the particuler action. In that case, the ancle joints
remain passive, soc that they can rotate only as a result of the
internal patient’s energy supplied by the wsans of crutches,.

Synthesis of the control of any locomotion activity preas=-
sumas the exlstance of the process model -based on the defined
atate vector. The apalysis of tha possible functional relation-
ship of the stete variables had indicated the implementation of
tha discrete modsl which reprasents the locomotion process with
a finite set of time successive system states = events. {In ana-
logy with tigital discrete simulation whare this-modeling tech-
nique is vaestly applied, this model has beem pafferad as discre-
te simulation: model of the locomoticn process /4/}) Since, in
practice, every locomotion process is realized by simultaneous
rotation af jolnts, it Is cbvious.that discretizing procedure in
the sense aof events extractic certein degree of arbitrari-
ness. Visual analyeis and exper.wental measuring of the procass
will reduced the total event space to the subspace consisting of
only those sequences which can successfully represent the parti-
cular sctivity. Once the model is adopied, control algorithm has
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the single task to prouide the traneition of the system from one
event to thae other. This meana that prior to model building tha
baeic control philosophy has to be precisely defined. It will
act as the saln criterion in the process of sequence of events
axtraction from the allowabla subset.

It {e evident that the simulation model strongly dspends on
the particular locomotion activiiy but all models have to meet
cortaln requirements. The state varible velues assoclated with
one even¥ are represented =8 event atributes and consequently can
be changed during the locomotion. Beeidass, the asdopted sequencs
of events permlts the traneition from one state to esnothar oite
her by cybernetic sctuators, or by patient, or by coordinated mu=
tual activities. flnslly, due to the concapt of mam - machine in-
teraction, the models are characterized by event - oriented ti-
wing systam. Accordingly, the time is incremented from event tg
event, while the duration of the transitiom will entirely depend
on: the patiant.

In orsdr to illustrete the above mentioped model properties
ome of the possible stationary gait model is presented (Fig.2).
The basic philosophy reflects the fact that the patient should b-
sble to take the part im the gait process with. the mimimum effar

1 2 3
o Py (f ﬁ) _ 40 5 ﬁ%
| 7 8 9 5 I
? ? 2 % 10 1
EVENT TRANSITION
I h=ke0Q HEELMID=] heO © kelOk,]
2  heOksk, HEEL+MID=0 he {0,h] ; k=g,
3. hwhikak, HEEL+MID=0 h=h, . kelk;01
4. h=h:k=eQ HEEL+MID=0 PATIENT'S ROTATION UNTIL
THE CONTACT WITH THE GROUND
hahkaO HEEL  MiD=1 he Lh,01 ; k=0

haQ;k=0 HEEL- MiD= 1
Fig. 2.
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It should bs emphasizsd that the described model provides
the complete invarience of the control algorithm in respect with
the change of system performanca (step lenth, cadencs etc.). Ne
mely, the change of the performance will only affect the values
of the event stributes, while the way in which the systee tran-
site from ome state to another, remains unchanged.

The nature of tha models enables the control algorithm to
be easyly aynthesised. The algoritm has the measured valuas of
the state varimbles as input imformatiorms and processes them in
accordance with the model im oxdsr to generate the cybernstie
actuators signals as its eutput. If the control algorithm is: to
be realized within a real-time computing system, than the ovar-
all system organisation can be preeented am in Fig. 3. '

To this end, 1t is neccessary to comsider the stability of
the patient durimg the locomotion. Due to the fact that the simu-
lmttidn model splitas the locomotion process into seversl phases,
stability can be treated from phase to phass, rather tham for to-
tal procesa. By the analysia of every ewvenkt and corresponding
transitiom it is possible to seleect the situstions which are cha-
ractaristical from the stability poimt of view. Hazardoua aituas-
tiona cam be divided in two groupa: situatioms which are recogni-
zed by the patient himself either visually or hand ssnzor feed-
back; and situationa which ars detsctad on the bass of the inflo-
rmatioms received from the sole. The First group has no influ—
ance on the control algorithm, since it is expected that the pa-
tient, having recognizad the instability, will raach tha stable
position applying the crutchesa inm the moat akilfull manner., The
sacond gropp, includimg the situations whieh cannot be handled
by thea patient, must be incopporsted in #he control algoritham.

It should be emphasized that thes sxperimental and theoretical in-
vestigations /6/ have proved that every disturbants affacks only
the statua-of the sole. Thie hinkt could be easily understood
knowinmg that spplied control “"farecas" the ackive joints: o achi=
sva the predetermined positions, regapdleas the status of the
systom. Hecmuse of that, logic status of tha sole la the mattar
of cruciel importance in the concept of hazardous aituations han-
dlimg. Belng detected the hazardoua adtustlon; the conkrol algo=
rithm haa fio react inm such way to provide the succesaful tranai-
tion, from given dangepous position to the moak imminent safs po-
sition.Namely, it isa neccesasary %o sxtend the model with tha sst
of events in which the system should be trensfer when the insta-
bllity occures. Such pairs af svents = "hasard" and "responces ta
hasard® — are nof the members of the basic sequence aof evants.
Some papticulay hazard avent can be expectsd elong tha carrespan-
ding trensition path, while the responcs to tha hazeard is the al-
tornative o the next "basie” eyent. In additian, for svery pair,
the model should also include the ssguence of svents uinlch will
transfer the system from the responce to hazard ewsnt to one of
the baalic avents.

The analysis of the stationary gait model (Flg.2) indicates,
tor example, that "touching oi" the ground with tha top of the
shoe” ahould hs treated as one of the poasible hazardous aituati-
ons, Moreover, 1t is pvident that this disturbance can cecurs in
tranaition firom the second to third event (left leg), or from as-
venth to eighth event {right leg). Therafors, the hazard event is
deacribed by the signal (logical ene)} from tha appropriate tiptoe
sanzor, The responces to hazard avent is locking the active hip
joinmt (left or right). Next avants consist of realfsing &he ap-
propriats leg and actuator rotationas until the basiec evenkt "aone"
ia achieved,.
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The sof'tuare support is orgenized es the Programming syatem
vhich will, when once initialized ang gulded into the “systam re-
ady state"”, monitior the computar run, contwrellimg thus the acti-
ve orthose functioning as. well. Since the programmidg system
should provide tuc basiec taska: initialization in tha sense of
paramefor values settings. and initial patient positianing, and
the monitoring and contralling of the system throughout the geit
iin. mceopdance with the given algoribhma, if can he dividod from
the opsretienal point. of view im two operatimg modes -~ systam
fnitialization wode and sysiesm galt mode.

Prior to the tranefer of the contrel &o the programming sy-
stem, several operations which will prepare the patient and tha
system for ths galt process should ba performed. Hemely, 1t is
neccessary to help the patisnk to achiasus vertical pesition, whan
he 1ls lef: 4o its oun maintaining his stability by the means of
crutzches, Meanutile, the programming system asks: for apttingas af
relavant data and paramstera in accordance with the definad A0 -
ce language. Whan theas preparafory operations are completed, the
"system ready® message is produced, and computer control is tran-
afered to the svstem gait mode, which ie responsible for the all
future mations. Precisely, the programming systems enters the
"natient stability trap® where 1i is left until the stable posi-
tion 1s recognized through the logie stetus of the aocle, When
the patient fa found te be stable, the mS83699 "peiient ready*
indicates the exi¢ from the patiesnt stability #rap. The program-
ming system enters ths byatt trap®, which eontrols ths aystem in
the ogtion phasa, vaitting Ffor the patient to declde whather ha
wants %o ait-~doun, 2tand-up, change the gait typs or start to
wall,

The analysls of the adopted wodels and emargencies has led
fo the eonecluslon that gait can be realized by four basie modu-
les which execute actuator actions and monitor pstient activities
during the normsl galt and disturbances. The exacttion and moni~
toring of only two activities ia sufficient. for noemal gait., Qne
af them coneerns the. motors activation, the other is raffersd to
the patient sxternal motatien of the body, by the masns of cru—
teches. Both svatem sctivitisa, regardless to the sctual transi-
tiam which hza te be performed requires sasenif{ally the seme in~
Pormations: poasibility for the hazard occuprance; transitiom ty-
ne;{performed by ths actustors or the patient}; aftacted joints
{utich have to he sctduabed); rotation type (backuard, forward,
locksd); refereni value or sxpression whose fulfilling will tep-
minate rotation; next transition, or ether system atatus, which
lisg to be Ilnitlated whan &he transitionm iz terminatad. This foa~
turs permlts svery gait transiticn ¢g he represanted with ocne re=
cord uhieh conteins all naccessary informations. furthermors, the
defirad discrte models enabls the arrangement of theses racorde
in. thergatit string»in which avery record is labeldd asnd can be
reffered with the geit pointer value (Table 1.).

The two baaic galt activitias are performed by tws program
modules: “actuator module® which quides the actuatorsyspatient ~
module”which monitora the system during the patieit’s external
menipulations. Both modules hava only ome input velus = the poin-~
ter which indicates  one record from the gait atrihg. The output
ix also single-valued, representad by the new pointer value uhich
marks thae next transitiom. In order to provide théd hezardous si-
tuations handling, these modules also include testing af hazard
czcurrance together with the transfer of the conttol to the amgr-
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gency part of software. ' -

. 1t should be pointed out, that the raquirement thet the tg=
rmination: of any gait action should Provide the patient with the
possibility to chooss esome neu action, has implied khe extenston
oftth; galt string to include the wait trap as possible moduls
output.

The eimilar enalysie can be applied when the hazardous si-
tuations are comsidered, The detection: of hazard a8 vall as {he
proper system reactiom wrequizes the following information: dete-
ction; type of reaction (actuators or the patient); affected jo-
ints. which has to bs actusted, or affected lag which has to be
unloaded; type of joints rotation; refersmt valus or axpression
to tarminate rotation; next traneitiom, or cther aystam astatus,
These informations can again be grouped in ome wecord, and the
records can farther be arranged so as %o form the "emergency
strimg” (Table 2.).

When the poesibls types of hazard reactions sre analysed,
it 1s epparent that they can be realized by only two softwvare mo~
dules, one of uhich will keep track of automatic control of the
jointa - »amergency actuator module®, and the other which will
provide the system monitoripg during the patisnt’s external acki-
vitias « “amergsncy patient module®., Input in the module f{a al-
wvaya through the emergsncy pointar uhich can achiesve any valus
from the emergency string. But, the output pointer can reffer to
only tue possible system actionst it can transfer tha systea back
to the record of the gait string which hes called for the emexrQge-
ncy resctiom, or it can transfer the syatem into the patient sta-
bility trap, vheme it will remain umtil the patiant suecceed in
achieving the safe standing position.

In mccordance with the assumed gmi% and emargency string,
the control of the program flow during the cowputsr run is done
by the means of the gait pointer which acts ae instruction sdress
-ragister. That is, when the programmimg system is fnitialized it
enfiers the wait trap and walt for the galtipadntet: setting..The
9iven polnker value will refer %o the ome particular entrancs of
the gait atrirg, whose recoxrd will provide appropriate modules
conection which will further shable the performancs of the reque=
ired transitiom. At the end of the transition, the pointsr value
is redefimed 4o indicate the new strimg entrance. This ptocedure
will go on until either the entered galt string record dosa not
transfer the system inteo the wvait trap, or the hazerd causes the
amergency string to be entered and to tranafer the system into
the patient atability trap.

The presented gait and emsrgency atring are developped in
accordance with. the three sdopted modela for the stationary guit,
aitting-doum and standing-up /4,7/. Since the standing-up and
aitting-down models are rmpresentsd by ons hasic pair of events
which is successively repeated until tha final state is achievad,
the illustration of the correspondimg parta of the geait atring
(table 1.} is simplified by descriptiom of only these basic pa-
iga and tha final stetes. '

Cameclusiam

The proposed conespt of the control system broanlzation has
besn verified through the experiments uith the Vukubratovié’s
acktive exoskeletom. These experiments /7/ hava prbvad the inva-
rignce of -the contirel algorithm im respect. with the modification
of system parformancs vim the change of refersnt expression in
the strings. However, dus to the nature of the meHium it was nat
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possibla %o svaluate the wmodele neither from the Bnergy eonsum—
ptions point of wisw, nor from the gaif elegancy aspect. Namsly,
it may be argued that the presented models ars not optimal in
any sense, hut the models cannot be verifiad withoud the expari-
ments with an orthotic device which permits the semisutomatic
control, i,e. the full man - machine colaboration. If tha pati-
ant should have the expected degree of freedom on the decision,
level, than his colaboratiom uith the machine should be only qu=
alitatively, rather than quantitatively prescribed within a mo-
del, Since, the actual patient’s contribution cannot be predic=-
ted, it is obvious that the optimality may. be esstablish only
through the experimentation with the patient.

The primcipsl objective of this paper ia to show hou the
semisutomatic, logiec control system should be deaignad and rea-
lized within & real-time computing system, while the described
models should be viewed as an illustretion of the string constr-
uction. Basidea, the modela ars orianted te enabls the patiant
to successfully overcome the bsgining difficultiewm eonearning
the interaction with the device, so they pressnt an. accaptable
starting point im the expepimenmtation phaas, Finally, it should
be emphasised that it is the modular organization of tha program—
ming systam which provides tha full adaptivity cf the Propoaad
control system which is of spscial interest s{nca the models and
the parasmeters: cam be chocdem so0 as £o mest patient’sa requireme-

“nta in the best possible way.
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THE INFLUENCE OF THE WALEWAY SURFACE ON THE LOAD DISTRIBUTION
IN MODULAR PROSTHESES

U. Boenick and R. Zeuke
Abstract

In order to reduce the dimensioéns of weight bearing parts,
modular prostheses must be designed using the principles of
lightweight construction. This requires that sufficient data
concerning the acting forces and moments are available for the
design engineer. However the force studies now in existance were
carrled out primarily under laboratory conditions, i. e. on
smooth floors, and this to some extent does not meet the real
conditions.

In this investigation, a study was made to determine the
variability of prosthesis loading, when an amputee walks on
outdoor grounds. For this purpose the shank of an AK~prostheses
was instrumented with a strain gauge pylon which allowed for the
measurement of the axial forces, the shank axial rotation moments,
and the bending moments in the sagittal and frontal plane at two
different levels.

The tests were carried out on asphalt floering, cobble-stone,
rﬁbble and fine grain sand. Each run was conducted at velocities
of 2 km/h, 3 km/h and 4.5 km/h. For signal transmission a multi-
" channel telemetry sjstem was used. After demodulation in the
recelver the results were plotted on a recorder and analysed by
means of statistical methods.

The results indicate that the greatest axial forces were
obtained on rubble. At a velocity of 4.5 km/h their magnitude
was about 150 % of bodyweight, which is an increase of nearly
40 % when compared to the value which oceurs on asphalt. The
asphalt flooring used here 1s similar to the laboratory floor of
previous investigations. The maximum teorque was measured on
sand. Its was about 40 % higher than that measured on asphalt.
The greatest bending moment appeared in the sagittal plame when
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