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Rehabilitation of an above-knee (A/K) amputee relies

upon a well-designed prosthesis to give him functional-

Support, and aesthetic posture during ambulation. To evaluate

such a device requires thorough understanding of the bio-

mechanics i-nvol-ved and extraction of kinematic information.

the success of electromyographic (nUC) control in

powered upper-l-imb prosthesis has prompted the use of EMG

control in a lower-l-imb prosthesis which varj-es the amount

ABSTRACT

of viscous damping across the knee joint. In a former proiect'

an EMG-controlled prototype was built, and. positive results

were noted.

In this study, the hydraulic and electronic designs

of the original prototype were improved and modified to

make it suitabte for long term testing" -lhis was followed

by extensive eval-uation which includes data acquisition

and anal-ysis on several experimental runs conducted during

a training period. The performance of gait is compared to

available data.
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disease, congenital anomalies, and aging can lead to

Physiological deficiencies as a result of trauma,

l-oss of lower or upper extremities. Replacement of the

CHAPTER T

INTRODUCT ION

extremities requires

tually duplicate the

joint.

The case of an unil-ateral above-knee (A/K) amputee

deserves extra attention because it involves factors

common to al-l- l-owerlimb amputees. It provides perhaps the

best example in the locomotion study of prostheses.

prosthetic devices which can even-

norrnal function of a healthy knee

fhe majority of A/K prostheses in use today employ

mechani,eal- fþiction in the knee joint design, which does

not permit the most efficient or normal appearing gait.

Improvements have been achieved with mechanically 'pro-

grammed' hydraulic and pneumatic units; that is, the

amount of damping resistance in the units is predeter-

mined. However, functions like varying cadence, and walk-



ing up or d.own stairs r oÍI ramps, and over rough terrain

still cannot be performed in a normal marilÍìer. The use of

myoel-ectric signals to control knee actions has been

demonstrated at least to some extent by Horn (t972) , who

d,esigned. a knee unit which can be l-ocked to flexion

voluntarily by the wearer and is unlocked automatically

at ful-l- extension, atlowing for free swing. This design

allows for weight bearing on a flexed knee but does not

all-ow for varied cadence.

An EMG-control-l-ed AIK prosthesis has been deveroped

at the Univ. of Manitoba based upon data from normals. A

hydraulic damper was built inside the knee unit, which

can vary the knee action from 'free swing' to 'Iock' and

from 'lock, to 'free swing'. This variation is achieved

by controlling the resistance of fluid flow around a

damping cylinder with bypass valves through el-ectro-

rnyographic (piVtG) signals from the hamstrings of the stump

(Dyctr , Lg?l+) . A schematic of the prototype is shown in



Fig. t.L, It consists of a hydraulic damper, whose resist-

ance is varied by the control of two sol-enoid val-ves and

one check valve. The check valve opens only during the

extension phase, as locking is desirable only in flexion.

The mechanical and el-ectronic portions of the

prototype built in Dyck's work was bulky, and the el-ectronics

did not work reliably. Therefore, a new improved version

was designed. This new version was then benched tested and

tried by the amputee.

The main purpose of this study is to perform

extensive evaluation on the new unit. To do this, the amputee

experimented, with it once every other week for approxi-

matefy six months. During this period, locomotion runs

were monitored via an existing video-computer system (Winter,

et al , t9?2) , Based. upon the kinematic information extracted,

velocity and acceleration profiles of the limb segments

could be obtained. Ïtihen these profiles are coupled with

anthropometric data, parameters such as force ' torctrue, and

energy leveIs could be cal-culated. Necessary computer

programs were rewritten to accommodate the anarlysis of



as¡rmmetrical gait. The performance of the

system is then compared and anal-yzed for

conditions, and tasks such as walking on

stairs.

It was very difficul_t to establ_ish concise criteria

for eval-uation because of the large amount of data and

the number of variables present. In spite of these diffi-

culties, results of this study strongly indicate that a

controlled EMG pattern can be conditioned through training

in such a way that subconscious control- is possibre. Perform-

ance of the amputee on this prosthesis was found to be

sat isfactory.

t+

amputee -prosthe s is

different control

ramps and climbing



(I) Walkins gycle

CHAPTER 2

BACKGROUND

Essentially, a walking cycle consists of a

stance phase, which constitutes approximateLy 60% of the

cycle; and a swing phase, which constitutes approximate-

Ly 40% of the cycle. The stance phase begins when the

heel makes contact with the ground (HC) which is posit-

ioned as the Øo mary-. the foot flattens (FF) at about

the 2ú/" marlu then by the plantar flexion of the foot

and the initiation of knee fl-exion by the forceful act-

ion of the cal-f muscl-e, the body is propelled forward as

the heel leaves the ground (H0) at about i.he l+O/' mark.

The stance phase ends when the entire foot rises from

the ground. The swing phase begins with toe-off (T0)

at about the 6V/, mark, and ends when the heel strikes



ground at the I00% mark again.

At the end of the swing, there is a period of de-

cel-eration when the forward motion of the leg is restrain-

ed by the stretching of the hamstring muscles to control-

the position and vel-oeity of the foot immediately before

HC. The period when both legs are on the ground is call-

ed the double support phase (OS ¡ . These parameters are

shown on Fig, 2,I. The duration of the DS period is re-

l-ated to cadence, and the shortening or the absence of

DS indicates that a person is running rather than walking.

(II) The general walking pattern of A ,K amputees

It appears that in walking, the body is constant-

ly converting energy from potential to kinetic and then

back to potential energy again (Inman, L965) , The path

of centre of gravity (CG) has been described as the in-

tersection of the horizontal and vertical displacernents

shown in Fig. 2,2 during level wal-king of normal-s

(Saund.ers, 1953), That is to sâ$, the CG is continuously

displaced sinusoidally in both vertical- and horizontal-



directions. Iherefore normal- gait is harmonious, and

energy among body parts can be balanced and transf emed.

The gait pattern of A/K amputees varies considerabty

from normal_. An Ã/K amputee has to efevate his body in

order to keep the harmonious path of CG just before HC

of the artifical leg when the trunk is descending. If

the landing leg were the normal leg, such action could.

be acconplished by planter flexion of the ankl-e and

flexion of the knee. Due to the deficiencies present

in both ankle and the knee of the artificial- feg, a

different pattern resul-ts in angulation of the naturaf

knee and ankle, or the tilting of pelvis (see Fig. 2,3;

Eberhart, 1968) ,

Until the prosthetic heel rises, the leg rotates

forward about the ankl-e joint of the foot. The knee is

consequently in an extended position at the time the

hip joint reaches its maximum elevation.

the vaulting sensation.

This increases



At this time, the hip joint is descending while

the prosthetic feg is still on the ground. As it is

unabl-e to control- stability, the normal leg is calfed

upon f or aid by l-anding earlier on the ground.

During the swing phase, the forward swing of the

normal leg is initiated by powerful contraction of the

plantar f l-exor of the ankl-e. Lack of such a mechanism

in the prosthetic leg forces the amputee to rely heavily

on his hip muscules for initiating the forward pros'uhetic

swing. Fortunately the hip muscles are under voluntary

control and consequently can adapt themsel-ves within l-imits.

The lack of muscular control- at the knee joint

severely reduces its abil-ity to create the normal knee

moments. The A/K amputees compensate by shortening the

steps in order to reduce the moment developed to flex

the knee (Peizer & Wright, L97+). the inabitity of the

knee to flex during early stance phase increases the amount

of energy required to walk. this mainly results from the



excessive rise of centre

stance.

(rrr) Bas ic

thesis does not collapse during the stance phase.

Essentially, ârr e/X aesign requires that the

requirements of A/X r¡rosthesis

does not mean that locking the knee throughout the entire

stance phase is optimur¡r. In normal gait, the knee is

furry extended at heel- contact. rt then frexes srightly

('.accompanied. by pranter fl-exion) and re-extend.s during

weight bearing. This action aflows the hip to fol-low

a more harmonious path and therefore requires l-ess enerrgy.

conventionally, prostheses are aligned in such a way that

of gravity during the prosthesis

the centre of rotation of the knee is dorsat to the load

line (see Fig. 2.4), so as to prevent the knee from

collapsing during weight bearing. This alignment applies

a hyperextension to the hinge, locking it against the

stops.

pros-

This



During the swing phase, àrr A/K prosthesis can be

considered as a pendulum subjected to driving forces by

the hip and thigh. At the beginning swing, a forward accel_-

eration acts on the upper part of the prosthetic feg ( socket

portion and thigh muscres). rf no resisting moment is

supplied by the knee mechanisum, an excessive heel rise

will occur. Also, at the end of swing, the shank wilt

have a rotational- velocity and must stop abruptty. Both

problems become more serious as walking speed increases

( see F ig. Z ,5) . Theref ore , the minimurn requirement is

that some damping must be provided during the swing phase.

One thing to note is that, during the doubfe supporl

phase, the energy of forward translation of human body

L0

comes from a force couple, that is, from the push-off and

the deceleration of the swinging feg. The ratio of the

components from push-off and deceleration of the swinging

Ieg has been found to be approximately five to eight (Inman,

1965), [his phenomenon explains that if a prosthesis is

too light, the amputee will have difficulty in d.eveloping



sufficient kinetic energy at the end of the swing

phase to be fed back into the system to maintain the for-

ward velocity of the body.

Other factors that require consideration are ¡ safe-

ty and reliability; flexibility for sitting; whether it

is cosmetically acceptable; and if the energy cost is

at a minimum.

(rv¡ Desisns for A/K prosthesis

A) Constant friction

This provides friction in the knee bolt, which

rotates with the shank, and a mating surface fixed to the

upper leg. Variation of the resistive torque is ad."'ìusted

by the contact force in the brake. "Bumper" springs have

been provided to help control deceleration at the end of

swing. This system provides a retatively constant resistive

force independent of walking speed and angle of flexion.

l-1



B ) Intermittent friction

This provides a resistive torque that is a function

of the knee fl-exion angre. Mechanical- friction is provid-

ed by the pressure between the three disks mounted con-

centrically with the long axis of the knee bott. ?he

resistance offered by each individuat disk is varied by

a wheeÌ during different intervafs of the swing phase.

Essentiatly it provides a better torque profile than the

constant friction type. It functions best only at one

cadence and is purety dissipative.

C) Fluid control designs

Recently, mechanisms having orifice-flow damp-

ing have received much attention. The Henschke-Mauch

(Mauch,1968) and Dupaco "Hermes" units are well-developed

examples. They contain fl-ow channels and orifices in the

t2

piston cylinder, so that the moving piston can sucessive-

Ìy block off escape of the fluid and thus vary the re-

sistance throughout the swing phase in order to approximate



the 'i.deaI' moment curve. Check val-ves switch fluid fl_ow

to separate channels for extension

allowing independent adjustment of

res istance .

D) Pneumatic control design

An air dashpot can be used as a resistive element.

The main advantage is that ffuid teakage is not a probtem

and therefore the cost of manufacturing is lowered. The

air in the cylinder serves both as an energy dissipator

and a spring.

and flexion, thereby

f l-exion and extens ion

I3

E) Polycentric knee

The most promising mechanism at present uses four-

bar linkages together with fluid dampi.ng (Radcliffe , L95?:, ,

Since the action of a normal- knee joint is al-so poty-

centric, the four-bar J-inkage provides different in-

stantaneous centres (usually arevery small distances apart)

with rel-ative changes of the positions of the limb segments.



Besides satisfying the stability requirement as described

by Radcliffe (Radcliffe, 1957) , the polycentric action

al-so contributes somewhat to the sense of knee position as

in normal individual-s.

predetermined amount of damping resistance, and the

control is passive.

AlI of the mechanisms described above provide

F) Myoelectrically control-l-ed knee locking mechanism

The d.esign by Horn (Horn, I9?2) uses myoel-ectric

signals to lock the knee at any desired angle. Once locked,

the knee can only extend, and unl-ocks itsel-f at full

extension. The advantage of this system is that a wear-

er can bear weight on a slightly bent knee, allowing for

a more normal- appearing gait. Horn also cl-aims that it

can be used f or clirnbing stairs. This design does not ,

however, all-ow the amputee to vary the resistance as

a function of the knee angle, nor to control this re-

sistance in order to accommodate different gaits.

I4



(I) II;draulic system

The hydraulic system of

of the work done by DYck (DYck,

with a d iscrete damPer control-

CITAPTER 3

EXPERIIV]ENTAL DESIGN

be implemented with a proportional myoelectric controlled

scheme.

to determine the required characteristics for this hydraulic

system, Such aS the pressure rating of each component' the

In Dyck's work, data from normals was gathered

this study is a modi-fication

I97+). A hydraulic damper

is considered adequate to

r5

rates of flow'

cycle, and the

Also in Dyck's

resistance to flow is characterized by its C,, factor (which

is defined as the flow of 6OoF water in gal./min. through

the valve with one p.s.i. pressure drop across it), the

desired C., needed across the damping cylinder was

calculated and ad justed for the desired hydraulic fl-uid'

the resistance to fl-ow versus percent walking

number of bypass valves and their resistance '

work, with the knowledge that a val-ve' s



By curve fitting, he then

type of valves needed Fig, 3,I shows his resultant C,,

cu.rve versus walking cycle plot which call_s for two solenoid

bypass valves and one check val-ve, all in parallel with the

damping cylinder. Dyck's design used two solenoid vaÌves,

Vl and V2, with C,, factors of 0.02 and 0.1-rrespectively,

while the check valve has a C., factor of 0.08.

The hydraulic prototype used in Dyck's project was

made up of several individual components - a hydraul-ic

cylinder, two electrical- actuated valves, and a check valve.

deterrnined the nu.mber and

The hydraulic lines were connected together exter:'raIÌy using

elbows, unions, and plastic tubings as they were i.ntended

for temporary usage. In this study, it was felt that a more

t6

compact and permanant assemblywas required for a prolonged

period of training. Therefore, a new version of the hyd,raulic

prototype was designed to reduce the bulkiness of the unit.

It has all the components mounted into

check valve was built into the piston

bypass solenoid vafves were mounted on the side (in paral-l-el

with the hydraulic cylinder) to be controlled by EMG signals.

single unit: the

while two new



The schematic and appearance of the new hydraulic unit

are shown in Figs. ).2 and 3.3 respectively. These figures

also show two external-

can be made on the size

valves, either to increase or decrease the resistance to

flow.

With this arrangement, the amputee is given a wider

choice of resistive damping settings by selecting different

combinations of the closure of the two bypass valves and

the check valve according to his needs. Vüith the maximum

valve screws in which ad justment

of the orifices of the two bypass

settings on the

designated Hlgh

Valve (i,nV ) are

t7

ively,

A coil-

provide

two bypa"ss valves, the Cv factors for the

Resistive Valve (lßV), and Low Resistive

approximated to be O.04 and 0.14 respect-

Check Valve (CHV) at o.t6 (see Appendix A).with the

spring was added to the top of the cylinder to

energy storage which supplies an extra lift during

push-off.

In the rest state, both solenoid valves are

normally open; and whil-e standing, the amputee wil-l achieve



his stability by prosthesis alignment. In the ffexion

mode, since the CHú is inoperative and since the two

sol-enoids have different Cv factors, there exist three

additional controllable level-s of resistance - one of

which is 'l-ock' . During extension, al-l corresponding

leveIs of resistance will- be decreased due to the rel-ease

of the bypass CHV. These combinations (Fie. 3.4) con-

stitute the same'four-mode' operation as d,escribed by

Dyck (tg?t+) , :

l_B
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(II) Myoelectronic system

The basic concept of myoelectronic control is that

when a muscle contracts, the contraction is accompanied by

an etectrical signal' called a myo-electric or electromyo-

graphic signal (nUC). This signal can be detected by placing

electrodes on the Surface of the skin. One of the most use-

ful characteristics of the EMG signal is that its root-mean-

square (nfVfS) value is proportiona] to the isometric contract-

al force of the muscl-e involved. An EMG signal processor

had_ been designed by Dyck (Dyctc , t9?+) to controt the oper-

ation of sol-enoid valves utilizing such a characteri-stic'

However, repairs on this circuit were needed constantly

because of a poor wiring technique was employed. Therefore

it was decid.ed'bhat a new printed circuit (PC) was to be

built with a red.uced size in mind. A block diagram of this

processor is shown in Fig. ).5, which is basically derived

from Dyck's design. Also, the new circuit is shown in Fig.

).6.

The typical EMG signal has peak amplitudes from 100

mV to 4mV and. l-ies in the frequency band of 2O-J00 Hz.

Therefore, it requires high gain amplification and 60 Hz,



noise rejection at the front end. The first stage

of the processor consists of two high input impedance

instrumentation amplifiers (AD 521, à data sheet is

.glrovided in the Appendix B). îhe first one acts as a

low gain differential amplifier (with a gain of 20),

which has a bui-rt-in feature of high common mode re-
jection ratio (CUnn) rated at gO db to 6O Uz noise. As

the skin-electrod.e interface generates DC potential-s

which may be up to r-0omf in magnitude, it is firtered

out by means of a high-pass fir-ter with a corner fre-
quency (f") of around 15 Hz, in order to prevent

saturation before entering into the second high gain

amprifier. The second amprifier has an adjustabre gain

of 100 to 1,000; therefore the total_ amplification can

be set from 2 , OOO to ZO, O0O.

The second stage is a fur-1 wave rectifier, the
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output of which is a signar whose DC component is pro-

portional- to the EMG signat's RMS value. To obtain this
Dc component, it is fed through a second order row-pass

fil-ter (ltn¡. The output from the LpF is a DC voltage

that corresponds to the l-evel of muscular tension.



In order to monitor this DC voltage produced at

the integrator, three predetermined reference voltage

levels are set up in a quad-comparator. Whenever the

incoming signal is higher than the reference }eveIs,

the comparator(s) will be activated. With three different

reference l-evels, there are four possible parallel se-

Iections, namely: (i) no, comparator is 0N, being the

first or rest mode; (ii) comparator I is ON, being the

second model (iii) comparators II and I are ON, being

the third, mode; ( iv) comparators fII , II and I are ON,

being the fourth mode.

By utilizing an Excl-usive-0r logic, it is possible

to represent each mode by a single gate. No input re-

presents the rest mode. The outputs of comparators I

and II are fed. into the Excl-usive4r Gate (Ex-Or) I,

2T

so Gate I is high only when comparator I is 0n. Outputs

from comparators II and fII are fed into Gate ff, Gate

IïI, respectively. These two signals are gated with V 
+

separately. By these arrangements, the'four-mode' operation

is fully represented.



Finally, Gate I is rOr¡-ed rsith Gate IfI" .lhus, the

High Resistance val-ve (Hnv) is energized when either the

second or fourth mode being activated. This feaves Gate

II the sole control of the Low Resistance Valve (f,RV¡,

and the four-modes of operation can be achieved (see Fig.

3.?) ,

In order to eliminate the pick-up noise, the

cì-rcuit was mounted on a printed circuit (PC) board.

A power pack of 10 rechargeable rtCrt size batteries, to-

gether with the PC board, were placed inside a metal-

chassis. This metal chassis, which is abou.t haff the

size of a tape-cassette recorder (see Fig. 3.8), was

then mounted on a belt to be worn by the amputee.

Considerable problem was encountered with the

batteries because of the packaging technique. The

commercially available battery holders do not give good

contact with batteries, causing noticeable contact

resistance. At the time when the sol-enoids are energized,

22



they draw 1 ampere of current through the contacts of

the battery holders. Thus, the contact resistance drops

the supply voltage by such an anount that the whole

circuit became inoperable. One obvious sol-utjon is to

add another battery which woul-d then increase the weight

and size of the package. Such an idea was immediately

discarded and the problem was finally resolved by a

custom-bui1t battery

with the batteries. Voltage drop across the batteries

under l-oad due to the internat and contact resistance is

then kept minirnal.

.)

hol-der which gives good contact



( fff) Interfaci

In order to achieve the Cy factor curve in Fig . 3.!,

certain criteria had to be considered. At the end of the

swing, a moderate resistive torque is required to de-

cel-erate the rotating shank. During the weight bearing

period in the stance phase, âFt additional amount of

damping is required to minimize the tendency to collapse

whil-e the knee is flexing in order to transfer weight

to the other Ieg. The required schedule and the resul-t-

ing C' curve are shown in Fig. ),) and, Fig. 3.f0.

According to this schedul-e, the l-evel- of EMG activities

is required only to change four times. In fact, the

amputee is requrired only to exert tension on his stump

the hvdrau the electro
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stems

muscl-e only once per cycle for a prolonged period.

He only has to remember to begin this process at the

end of the swing in order to energize the first solenoid

valve (nnV¡, with increasing effort at mid-stance to

energize the second sol-enoid vafve (f,nV) (which can be

accomplished with minimum effort as the whol-e weight



of the body is pivoted on the prosthetic leg at mid-

stance). Then when he rel-eases the museul-ar tensíon

gradualty, the solenoids will- be de-energized one after

the other until the end of stance. By that time, he is

bringing forth his stump for another free swing. This

minimizes the requirement as prescribed by Dyck (t97+)

where muscular control has to be activated and de-activated

twice within one walking cycle.During training, the amputee

finds the present method very natural- to proceed as it is

rhythmic and, changes in muscular activities are gradual.

25



(fV¡ Locomotion data acquisition

Experimental runs are monj-tored by an existil.g v.rdeo-

computer system developed by Winter, et a1 (t972). The

major advantage of this system is that the data coll_ected

is immediately avail-able for processing by the use of

digital computers equipped with appropriate interface

devices. Ear1y analysés were done by manual photography

and fil-m processing, and data extraction of this kind

was tediorls and painstaking. In this study, foot-switch

data were al-so taken to obtain temporal relationship

between the l-ef t and right legs.

¿o

A) Foot-switch data

A pair of foot-switches were

shoe corresponding to the positions

Vtlhen either part makes contact with

switching operation was carried out

circuit, and the output' is recorded through telemetry

on a chart recorder. Therefore timings of events such

mounted under each

of toes and heel-.

the ground, a

inside a pulse



as heel- strike and toe-off can be rel_ated to the other

foot with simul-taneous recordings. By averaging severaf

strides, the phasic rel-ationship between the legs can be

expressed as the percent wal_king cycle of the other.

To make certain that the correct sequence of sol-en-

oids being energized was achieved, pulses corresponding to

energizing and de-energizing solenoid were recorded

simultaneously with the foot-switch data. A typical

amputee record is shown in Fig. 3.ff. The recordings on

the operation of the sol-enoid val-ves are made possible

by transmitting

cuits attached
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sulting pulse with a large amptitud.s corresponds to the

0N (energizing) operation, and the small- pulse

corresponds to the OFF (de-energizing) operation.

The results show that the swing phase of the

intact leg is much shorter than that of the prosthetic

leg due to the fact that the amputee feel-s l-ess secure

when his better feg is in the air, and he always tries

signals from two differentiating cir-

to the valves ( see Appendix C ) . t'he re-



to return it to the ground as soon as possible. The val_ve

operation shows that the lfiV was energized at the end of

the swing and last after mid-stance, whil-e the LRV was

energized only once during mid-stance during one nor:na1

level walking cycIe. These two valves were de-energized

prior to toe-off to give the amputee a free swing.

These recordings, however, do not show whether the

knee was flexing or extending, which would affect the

fluid fl-ow significantly due to the action of the check

valve. Neverthel-ess, the general trend of movement of

the prosthetic leg duplicates that of the intact feg in

the swing phase, and angular changes during the stance

phase are minimal. So the model developed from the data

of normal-s is still valid under these circumstances.

Angular changes in the knee and ankle will- be explored

further in later sections.

2B

B) Video data

Body markers, consisting of halves of ping-pong



balls covered with reflective tape, were attached at

anatomical landmarks with

(see Fig. 3,1.2), Background markers consisting of larger

discs of reflective tape prov-i-de a spatial reference for

the TV recording system. The amputee was tracked using

a T'/ camera and monitor mounted on a cart at about three

meters to the side (see Fig. 3.I3) , The lighting was

adjusted to provide a very high contrast image which

enabfes a one-bit conversion of this data into the

computer (1 for white, inside a markeri O for b1ack,

double-sided adhesive tape

outside a marker). Fig. 3,I+ shows a computer print-out

of one converted TV fiel-d, and the resul-ting trajectory

¿9

plot of the spatial- movement of body

in Fig. 3.I5,

The TV recording is replayed

recorder and converted into digital

computer interface. Computer programmes reduce the

converted data, cluster the points from each marker

and calculate the absoLute x,y co-ordinates or the

markers is shown

on a video tape

format via a TV-



geometric centres of the markers. Because of the presence

of high frequency noise ' a second order digitat Butterworth

filter having a cut-off at 6 Hz was used to reduce the

noise tevel (lVinter, et â1, L97Llb) ,

since the present video system consists of a single

camera, in order to obtain a complete data set for an

as¡rmmetrical gait, video d.ata on each leg of an amputee

have to be recorded ind.ependently. During the locomotion

runs, video data were recorded.. They were then analyzed

after conversion to determine the heel contact points

according to the method. described by Winter,et al- (L974),

Positional d.ata of a single stride was normalized to t)o%

3o

of a walking cycle by computer programs (see Appendix D).

From the knowledge of the temporal information obtained

as described earlier,d.igital data sets from both }egs could

t'hen be aligned to form a complete data set to be stored

on a direct access file,

By sucessive differentiation of the co-ordinates,

velocities and accelerations of each marker can be obtained.
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The l-ocation of the centre of mass of each limb segment

was determined from anthropometric data provided by

Contini (Contini, L972) (see Fig, 3,16) and by relating

this data to the l-ocation of the markers. For example,

the x,y co-ordinates of the centre of mass of the shank

are: Xsh = X4 * r(X3 - X+)

Ysh=Y4+a(lr-Y+)

where a is the fraction of the distance that the centre

of mass is located between marker J and 4. Absolute l-imb

angle of

shrp:

Angular

obtained

the shank can be obtained by the simple rel_ation-

osh = tan-r (t¡ - Y4 / xS - x+)

velocity ð and angular acceleration'O are

simil-arly by successive differentiation.

From the knowledge of the above kinematics and

using the anthropometric information of the subject,

computer programs have been developed by Winter's group

to determine the joint and floor reaction forces, segment

energies, joint torques, instantaneous energy and the



power of each lirnb. In this study,

mod.ified or rewritten to accomodate

The results are being compared for

efficiency.

they have been either

as¡rmmetric gaits.

s¡rmmetry and

).



(V) Kinematic data runs

The purpose of this study is to evaluate an ex-

perimental prototype based upon known kinematic data of

normals and other A/K prosthesis, and the effect of train-

ing on performance. The total- period of testing and

training lasted for about

usage time the amputee spent on the prosthesis amounted

to approximately l0 hours. Locomotion runs, which in-

clude video and foot-switch

begirrning and the end of this period. They are, for

analytical- purposes, classified under six different

catagories which are shown in Table 3.I. these runs were

taken from a single amputee during l-evel iryalking at his

most comfortable speed. The amputee had participated in

an earlier project. He is in his fifties' his right leg was

amputated in 1965 approximately 6" above the knee.

Presently he wears Henschke-mauch mode1- Ã/K prosthesis.

six months. However, the actual
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data, were recorded at the

( f) Experimental prosthesis - during early training



This is the run taken at the early stage of train-

ing after he has managed to control the electronic device

and has got used to the experimental prototype. An alignment

unit (Staros-iardner coupling) was instal-l-ed for easy

alignment Purpose.

(2) Commercial prosthesis

he was wearing his regular Henschke-Mauch

This is a control- run taken on the

This prosthesis is considered to be a good but expensive

modeL availabl-e for A/K amputees. Performance is expected

to be above average, as the amputee has been wearing it

for years.
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( f ) Conventional prosthesis with no darnping:

This data set represents the experimental }eg

with the damping cylinder taken out. The amputee has to

walk cautiously and extremely slowly

amputee when

model prosthesis.

fal1ing. Therefore only small driving

at the prosthetic knee joints and the

in order to prevent

forces are expected

resulting shank
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motion will- probably be similar to that of a frictionless

compound pendulum.

(4) Experimental prosthesis with control- efectronj-cs d.is-

abled:

This data set is similar in al_l_ respects to the

Run-l-, except that control el_ectronics was turned off

during walking. With no el-ectronic control, the HRV and

LRV are always open while the check val_ve opens onÌy

during extension. This operation provides a form of

passive control as contrasted to the EMG activated

control.

(5) Experimental prosthesis - after training:

ten minutes of practising, he was asked to try out the

prosthesis without paying attention to whether he has

been able to turn on the correct sequence of valves

operation. rt was found that he coul-d wal-k on the prosthesis

Seeing that the amputee was always tired out after
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in a much rel-axed marìner. Because of the change in the

method. of controlling the device, the amputee showed in-

consistency in managing the walking process. It was then

decided that further training was requi-red.

During the last stage of training, not much improve-

ment was observed, and the alignment unit slipped quite

often to cause rnisalignment. To improve the perforrnance ,

the socket was shifted forward in hope of getting a better

mechanical advantage. But at the same time, the l-oad line

was shifted just behind the knee centre so that the geometric

l-ock was elrminated, which meant that between heel contact

and early stance, the only way that the amputee coul-d

stabilize the knee was by activating the EMG-controlled

device. Much improvement was observed visually. The socket

was finally molded in permanently after the prosthesis

was properly aligned. Data were taken afterwards.

(6) Experimental prosthesis - fast cadence

except that the amputee was asked to wal-k at a faster pace.

This data set was taken at the same time with Run-5



CHAPTER I+

OBSERVATION AND EVALUATION OF DATA

that involves defining a set of performance indices, followed

by a subsequent rating of the prosthesis against these

criteria. since there are so many parameters which are

A complete evaluation of a prosthesis is a task

pertinent, the evaluation Process

Therefore in order to determine the

new prosthesis, analyses were focused on the following

areas to extract various aspects of gait from the recorfted

data: (I) Gait pattern;

(II) Vertical- displacement profile of body markers;

(rrr) Angul-ar changes in the limb:

(A) Profiles of limb angles,

(B) Velocities of the knee and shank arigles,

(C) Accelerations of the shank angles;

(fV¡ Knee moment during the swing phase;

(V) Energy in the limbs;

(VI) Task performance.
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is very difficult.

effectiveness of this



The resul-ts are compared to available pu.blished

data j-n order to determine whether this prosthesis is

suitabte for daily Lìsage. Generally, results from one

aspect of gait are either the direct result of, or re-

flected in the other aspects. Since Run-5 represents the

present final stage of this new prosthesis ' most of the

comparisons are made only with respect to, or between

both legs of Run-J in order to simplify the analyses.

The comparisons considered in this study are l-isted in

Tabl-e 4.1 . The resul-ts from the analyses perf ormed wil-l-

then indicate the presence or absence of features which

àTe crucial to a better performance.

3B



I ) Gait Pattern

Experiments conducted by Bard & Ralston (Bard,

f959) and Radcl-iffe & Rafston (Radcfiffe, L963) to measure

the metabol-ic energy required for normals and Ã/K amputee

indicate that individuafs will- adopt an optimal- speed of

wal-king that is very nearly equal to that at which minimal-

energy expend iture occurs . For A/K anpu,tees , this minimum

occurs at what is calfed their 'natural' or 'comfortable'

speed of walking, a speed at which they can maintain

indefinitely without physiological embarrassment .

A paper by Murray, et al (Murray, L966) , contains

extensive data on normal-s during normal- and fast walking.
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Their results sonclude that normals accomplish the for-

ward speed of faster wal-king by increasing both the stride

length and the cadence. They al-so have shown that the

amplitude of vertical displacement of the trunk increases

as a resul-t of fast walking.

Data on gait pattern on a large group of A/X

amputees are also available through the work of James &
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öt""g (James, irgl Ð. Their results show that A/K anpi;tees

walk at a slower speed than normal individuats (38% less)

as referred to by Murray, II/, less even if they walk at

a rapid speed , A/K amputees also watk with increased

stride length (3f% greater than that of Murray's subjects),

which remains essentially unchanged with the change of

cadence. The prosthetic gait is further characterized

by striking as¡rmmetry with regard to the stride length,

the duration of stance, and the swing phase. this

as¡rmmetry does not seem to change with speed. Typical

stance and swing phase diagrams are shown on Fig. 4.I;

and for comparison, data from both papers are summarized

in Table +,2.

walks much more sJ-owly than normal-s in order to minimize

the metabol-ic cost. As he rel-ies heavily on his intact

The essence of this

Ieg for support, the prosthetic swing period is extended,

and so is its stride length. These factors contribute

in part to the as¡rmmetrical gait and are parameters to

data is that an A/K amputee



be measured to determine if improvement has been made.

and foot-switch data were averaged, and the stride lengths

and time durations of one wafking cycle were determined.

In this study several steps from both the video

3y taking the average between the left and right legs,

the average speed of progression was obtained. These are

shown in Figs. 4,2, 4.3, and 4.4.

From Figs. 4.2, 4,3 and 4.4, several_ points are

observed:

(i) Run-5 shows more than a 15% j-ncrease in the speed.

of progression from Run-l_, which indicates that the

amputee had shown more confidence in the new prosthesis.

4t

In contrast, Run-3 shows an extremeJ_y slow

of the l-ack of damping in the knee, and he

cautiously and sIow1y to avoid fatling.

(ii) In Run-J the as¡rmmetry is worse than

runs.

gait because

had to walk

in the other



( iii) The average speed in Run-J is the highest among

those in all the runs (with the exception of Run-6).

This higher speed

and shorter step

means a good and

(iv) The average strid.e length on the prosthetic sid.e

is always longer than that on the intact side, and. the

is derived from a longer stride length

duration on both 1egs, which hopefully

vel-ocity on the prosthetic

the i-ntact side. Time duration is always shorter on the

prosthetic side except for Run-2, possibly due to the

fact that he is more famifiar with his own prosthesis.

secure gait.

+2

Temporal information from the footswitch data is re-

corded in Fig. +,5. Phase lags between heel- contacts of

side is higher than that on

legs were obtained in terms of the percent walking cycÌe.

Based upon this information, data on the prosthetic leg

were shifted to coincide with data on the intact 1eg on

each run as discussed in the previous chapter.

For a normal- person, such phase lag



to be one half of the walking cycle or 5V/'cyc1e; that

is to say, the tim:-ng of the heel contacts of one 1eg is

always at the half step intervals of the other leg.

Variation from the 50f' cycÌe will l-ead to as¡rmmetrical-

gait. From Fig. +.5, it is obvious that Run-2 is closer

to the 5Ø" cycle for its phase lag between heel contacts.

This is no surprise since the amputee has been wearing

it for years. Run-5 shows quite an improvement from Run-I,

and is only y" from normal-s.

As mentioned before, a normal person will probably

have a stance-to-swing ratio of 6úþt4o%, Once again, iìun-

2 represents a closer-to-normal gait with the smallest

difference between legs; while Run-l has the worst score.

The doubl-e support (DS) durations are recorded

in Fig , +.6. The generat trend is that DS periods are

longer for the intact 1egs, the obvious reason being that

the intact Ìeg has a tendency to stay on the ground longer

after the prosthetic HC in order to secure a stabilized

swing. DS periods are far from identical in both legs of

4l



lìuns-2 and 3, and theír total_ DS periods in one

are wefl over 2q" cycle time. These coul_d be

to the slower progression speed and the different kinds

of mechanisms employed in the knee joints, and it coul_d

mean instabitity. These results from FiS. L+,6, confirm

that the total DS period for one walking cycle shortens

as the walking speed increases.

+4

walking cycle

attributed



II) Prof

A trajectory plot of the spatial movement of body

markers has been shown in Fig. 3.l-5. It is obvious that

most changes occur in the ankle, heel, and tog.To recall,

one of the functional requirements of the A/K prosthesis

is the provision of damping at the beginning of the swing,

Measurements of the vertical ampli_tude of heel and toe

of vertical dis

markers during this period will_ then indicate the per-

formance of the knee joints. 'IypicaI vertical displace-

ment profiles from both legs of Run-J are shown in Figs.

4.7 and 4.8, white the maximal val-ues of heel marker

f bod

heights from all data runs are shown in Fig. 4,9.
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markers

Because of the longer period of the prosthetic

Ieg swing, the maximum heel- rise occurs earl-ier than in

the intact feg. Generally, amplitrides of heel--rise are

small-er in the prosthetic 1e65 as compared to that of

the intact leg, except for Run-3 which has the highest

prosthetic leg heel-rise due to the lack of damping

mechanism. Sínce the velocity of the shank-foot is the



major factor that affects the amplitude of the heel-rise,

amputees usually try to reduce their walking speed in

order to limit shank velocity, and subsequently the heer-

rise. Run-5 shows more success in maintai-ning an acceptabre

heel-rise l-evel in spite of its higher speed as compared

to the first four runs.

Simultaneously raising the el_evati_on of hip jornts

on both sideswill su.bstantially increase the energy cost

dne to the rise of the centre of gravity (CG) of the

whole bod,y. However, if the pelvis only acts as lever,

one leg will compensate the motion of the other by knee

flexion or extension in order to maintain a constant path
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of CG. fn normal walking, the hlp joints work between

these two extremes to produce a sinusoidal path of CG.

Therefore, examining the range of variation in the hip

markers independently (which is shown in Fig. 4.fO) will

provide information on its symmetry, but only a rough

indication as to the cost of energy.

Generally, one wor¡l-d expect the prosthetic hip
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joint to have the maximum hip-rise during early stance

due to its l-imited ability to flex the knee at that time.

However, from Fig. 4. B, the resul-ts show that maxi"mum

hip-ri-se occurred during the prosthetic swing, that is,

the time that hip muscles are most active in l-ifting up

the prosthetic feg. In addition,this hip action was much

higher on the intact side. In Fig. þ.10, Run-l showed

an extra amount of hip motion on the intact feg in order to

compensate for the instabitity caused by the supporting pros-

thesis.Instantaneous CG of the body was determined from

the .intersection of the equidistances of -Lhe hip markers.

As mentioned earlier, excessive rise in CG wil-l- greatly

increase energy cost. The

are plotted in Fig. 4.1-1 to determine if the changes

CG are excessive and as¡rmmetric. The minimum vafue of the

CG during walking was subtracted from the two peak values

of CG on each run (which correspond to the intact swing

and prosthetic swing) to obtain the range of variation,

or the relative changes in amplitude of the CG during

vertical displacements of CG

ln



both swings.These values are shown in Fig. 4.I2. As

expected, the prosthetic leg caused a larger change in

the vertical- di-splacement of CG dur_ing prosthetic swing

( or within the intact ]eg stance period) . In contrast,

most peaks caused by the prosthetic hip (Fig. 4.fO) naa

been smoothed out on the path of CG, resulting in gaits

of l-esser as¡rmmetry and energy requirement.

4B
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(A) Profil-es of l-imb angles

From the body markers, fimb angles were derived

as described in chapter 3, The typical profiles of four
significant angles, namely those of the thigh, the shank

the knee, and the ankr-e from Run-J are shown in Figs.

4.t3-4.t6¡ their ranges of variation are afso shown in
Figs , 4.L7-4.20, respectively.

From Fig. 4,t7, it is apparent that there is no signifi-

cant thigh angte ( n-t ) variation between the legs on

each run. Even though Run-3 shows a maximum difference

of 4o between the left and right thighs, the general trend

is that the right thigh (amputated side) fol_l_owed the

left thi-gh closeJ-y. This result is a surprise since the

amputee has only o.zm. of stu,mp which is approximately

hal-f of the total, rength of his normal- thigh. Higher val_r:.es

are shown in both Run-5 and Run-6 due to a higher cad.ence.

From FiS. 4.1-8, the ranges of shank angles (O=n)

have larger variations than those of the thigh angles.
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A l-ower range on the prosthetic side of alf runs (except

for Run-3) is probably due to the high damping components

in the units. This is more apparent when the damping

cylinder was disconnected in Run-J, where the range on the

prosthetic shank was increased and had a higher vafue than

on the intact shank. A much higher difference between legs

in Run-6 indicates that the inertial d.amping of the pros-

thesis l-imits the rise of shank during the rapid free swing

and this enchanced the as¡rmmetry. So the setting on this

prosthesis may only be suitable for walking at a moderate

cadence.

From Fig. 4,L9 and 4,20, the ranges of both knee

angtes (0t) and the ankle angle= (Oa) have a much larger

variation between legs in all- runs. The intact leg had a

larger range during al-f recordings. Once again, the timited

range of the knee angles on the prosthetic side shows that

the damping resistances were too high on the experimental

prosthesis.



(B) Velocities of limb angles (é_n, é=r,, ók, ér)

The convention used in this study (refer to Fig.

3,16) for the direction of the various rimb angr_e vefocities
is the same as for the rimb angres and is shown in Tabfe

4.1.

Tabl_e 4,3

angular vel_.

oilt

ê-sh

"k

5L

*ve val_ue
stands for

0

forward movement
of thigh

a

Angular vefocities of

Table 4.) are shown in Figs.

data from the prosthetic leg

forward movement
of shank

knee fl-exion

plantar fl-exion

-ve val_ue
stands for

backward movement
of thigh

backward movement
of shank

knee extension

the four angles given in

+.2I - 4,24. Generally, the

follows the pattern of the

dors if l-exion
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intact leg with a small- lead. rt can be easily demonstrated.

that the forward movement of the shank is associated with

the extension mode of the knee

of swing by aligning the On ana

The motion of the shank

angular velocity and acceferation, and the shank can be

thought of as an output device of the thigh. Further-

more -¡ every é=n record shows that the shank moves

forward only once in a walking cycle at mid-swing. This

velocity appears to bear a rel-ationship with the verocity

of progression and the amount of damping present. The re-

sulting peak angular velocities of the shank in the for-

ward direction of al-l runs are shown in Fig. 4,25. These

peak velocities on the prosthetic side are always smarfer

than those of the intact feg (except for Run-3), and their

forward swinging period.s are longer. rn spite of the fact

that there was a t57; increase in speed from Run-l_ to Rq¡_J

(referring back to Fig, 4,4), the amputee was abl_e to

maintain the peak angular vel-ocity of the rotating prosthetic

in Run-5 at about the same val_ue as in Run_L.

angle after the initiation

Osh records.

is best ill-ustrated. by its



From Fie. +.23, thigh angular velocities (o*n)

generally were the same for both legs, except that during

the 52-66% cycle period, the prosthetic thigh is sl-owed

down, which coul-d have some significant bearing on the

continuity of the motion of the shank.

ankles in Fig. +,24 " In normal walking, the plantar

flexion of the ankl-e during heel contact can help to

There is a much bigger contrast between the two

absorb energy and reduce impact.

stretches the length of the feg

ankle moment to push the body

new prosthesis and the amputee's

the SACH-foot, which is sol-ely a

Ê.)))

angular variation of ankl-e depends

and direction of the impact force;

will- dorsiflex and plantar fl-ex actively according to

Further, this motion

and increases the

forward. Since both the

own prosthesis employ

passive device, the

the need due to an increase in cadence. The resul-ts show

that angular change in the prosthetic ankle was in-

sufficient to follow that of the intact leg.

upon the magnitude

whil-e the intact ankl-e
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(C) Accelerations of shank angle= {ä=n)

According to Radcfiffe (196j) , there is a phasic

rerationship between the changes in knee moment and the

shank angular acceleration t'o"nl. After further examination,

his paper suggested that tire 'o"n is a sensitive indicator

of the action either of the muscre groups act-ing about the

knee or of the equivatent fl-uid-controlr-ed action of a

prosthetic mechanism. Therefore,the 'o=n 
""cord.s are usefnl

in the evafuation of l-ower-exlremity prosthesis, when an

indication of the phasic effect of the knee mechanism on

the swing of the shank-foot is desired. A composite ideal_-

ized record from Radcliffe is shown in Fig. 4.26, which

contains characteristics typical of most recordings taken

with lowerlimb prostheses. Ba-sed upon this information,

the result from the prosthesis of this study (Run-5) is

being evaluated here.

fiie 'O^,^ from both legs of Run-J are
SN

4,27. There are six features to be noted.

with the prosthetic swing phase of 'O=n 
and. have been re-

drawn and l-abe Iled in F ig . l+ ,28 ,

shown in Fig.

They associate



which corresponds to the reduction of heel_-rise. Then an

accel-eration of the shank (¡) brings the shank_foot assembly

forward. f t is fol-fowed by decel_eration so as to cl_ear the

Prior to the swing, there is a deceleration (a)

tip of the SACH-foot off ground (c). From

(c) corresponds exactly to a thigh angle

it is suspected that circumd,uction of the

at or before that moment. Further swinging

brings the shank-foot ahead of the knee-joint. Gravitational_

decereration appears at the end of the swing (e), which

is further aided by the energization of the HRV

(from Fig. 3.1-1), and further by the closing of the check

valve (f) when the knee changes from extension to fl-exion.
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From F ig. + .24, the

thetic ankle shows l-ittfe

that corresponds to region

accel-eration record of the

F ig . 4 .l-3, region

of 90". Therefore

thigh occurred

action (0) then

forrn of dorsiflexion is availabre to the passive sACII-foot

at that precise moment to clear the floor easier. A dotted

path is plotted on Fig. +,28 to represent such an ideal

angular velocity of the pros-

or no dorsiflexion at the period

( c ) of Fi g. l+ ,28. A much smoother

shank can be obtained if some



knee mechanism.

fn order to better identify the availabl-e features

of the knee units, the shank angular accel_eration records

on the prosthetic side for al-l- runs are plotted in Fig.

4,29. The knee f l-exion and extension phases during the

toe-off and swing period are determined from knee angular

',velocity (0k) records. Generally, during mid-swing, the

magnitude of forward shank accel-eration is smaller than

that of the intact leg. the sharp acceleration in Run-l

during this period indicates a sudden undamped swing which

is undesirabfe " The action of the check vafve which caused

some additional- decel-eration can also be identif ied in

Run-l, Run-4, Run-5 and Run-6 right after the end of the

extension phase of swing.

5O



IV) Knee moment during swi,ng phase

By the use of free body diagrams, the moments of

the shank-foot about the knee joint during the swing phase

can be calculated from the video data (see Appendix E).

Based upon the results from normal-s, and after accounting

for the difference in l-imb masses, Radcliffe presented an

ideal moment curve for A/K prosthesis (Radcfiffe, 1957)

which is shown in Fig. 4,30. The paper assumes that the

amputee will- be abl-e to control the motion of the thigh

socket in a comparatively normal- manner. It actually re-

pre.sents val-ues of moment required about a knee joint of

an artifical- feg of average weight to provide swing-phase

characteristics similar to those of the normal- l-eg during

leveI walking (Witson, 1968). With the sign convention

adopted in this analysis, if the direction of the re-

sultant force (from al-l- inertial forces) is passing behi.nd

the knee centre, the moment created wil-I be negative and

woul-d tend to flex the knee; while a positive moment wil-]

indicate that same force is passing in front of the knee

joint, tending to extend it. The knee joint moment
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calculated from Run-5 on the prosthetic side is incl_uded

in Fig. 4,30 for comparison. The phasic similarities

between these two curves indicate that the new prosthesis

is an acceptabl_e design.

As for other types of prosthesis, wifson has re-

cord-ed the knee-moment patterns of various units at the

Veterans Administration prosthetics Center (see Fig. U.lÐ,

The knee units were adjusted for intermediate resistance,

and were put on a test-jig subjected to 43 cycles

minute (equivalent to 86 steps per minute). From

results, Inlilson concluded that both the f l_uid and

contrors show better characteristics than the ones with

5B

constant friction and intermittant friction. The resuft

of this study (Fig, 4.30) shows a similar trend

flexibil-ity to vary the resistance, even though

calculated. from gait recordings.

per

the se

pneumat ic

in its

it is



59

V ) Energy in the limbs

An analysis of the energy components of the normal

gait in the sagittar plane has been published by vrJinter,

et a1 (t9?6), Their main find.ings were: (i) tf,e thigh con_

serves about t/S of its energy changes; (ii) the shank

has the largest totar- energy changes during the swing

phase, but virtuarfy no exchange between kinetic and

potential energy components; (iii) t¡re stride to stride
changes in total_ body energy were less ].lhan b% of the

average body energy; and (iv) the rotationar_ rcinetic

component of the shank during the swing phase is signif ica.nt.

whife their carcufations were based on the peak to peak

changes in the energy level_s of limbs, no assessment was

made on the transfer of energy across segments so as to

depict the efficiency of the knee joint.

The total energy of each rimb segment can be caf-

culated from: E, = mrghi + t/Z mrvrz + I/Z tréT ;

where m, is the mass of the segment,h.i the height of the

centre of mass above a reference d.atum, vi the l_inear

vel-ocity of the centre of mass, r. the rotational moment
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of inertia about the centre of mass, and o, tr," angular
r1-

velocity of the ' Lrr segment.

The resulting shank and thigh energy curves of both

legs of the amputee from Run-5 are shown in Figs , 4,32 to

4.35. The resutts from the intact leg (Fie, 4.32, 4,33)

generally agree with the results from Winter's

While the resul-ts from the prosthetic leg are

abl-e, however, there are no data avaifabl-e to

there seems to be a corelation between the changes in

the shank to those of the thigh. As the changes in the

From vtirnter's energy data on f ive normar- individual-s,

limb energy are the amount of work d.one on or by the limb

(normal-l-y the muscl-e groups) , the changes in the thigh

during swing have to be used for initiating the shank

motion which causes the changes in shank energy. Therefore,

the ratio between their changes could become a means of

determining the efficiency of the knee joint. In addition,

group.

al-so re son -

compare to.

the recorded maximum energy changes occur simultaneously

during the early swing phase in both shank and thigh,

therefore data taken at this moment on both limb segments



are time correfated.. This

change in shank energy (¿n

in thigh energy (aE*n), or

from Winter's normal_s have

while the resufts from the l-ocomotion runs of this study

are shown in Table 4,5. Actual val-ues are also plotted

in Fig. 4,36,

From Tabl_e 4.5, most changes in the prosthetic

shank (ou"n) are about haff of those of the intact f"g;

while changes in both thighs are nearly identical (with

the exception of Rrì¡-(). From Fig. t+,36, it is apparant

that the change in thigh energy plays an important rore

in determining the effectiveness of the prosthesis. A

small- change in shank energy in respect to that of the

ratio is defined here as the

=fr) 
with respect to the change

simply AE"n/ AEti., . The resul_ts

been cal-culated in Tabfe U,4,

6I

thigh is not acceptable, as excessive muscular work would

then be required if a larger variation in shank energy

is desired. Also, if one 1eg is not secured wel_l_ d.uring

stance, it is difficult to couple the transfer of the

floor reaction forces across the pelvis to develop

a large ÀEsh to aE*n ratio, or an effective swing through



the other leg. whir-e the intact leg produced. a aE=n to

oEth ratio (except for Ru¡-3) nearly similar to that of

normals, it is important to note that there i_s no muscul_ar

input in the shank-foot portion of the prosthesis, and

the changes in the shank energy (mainly the energy dissipated

in the damp-i-ng cyli-nder or

initated by the thigh. So a

both J-egs in Run-J provides

in transfering energy changes has been made.

6z

the knee joint) have to be

higher AEsh to aE-n ratio in

evidence that improvement



VI) Task performance

rn order to determine the adequacy of this experi_

mental prosthesis, the amputee was asked to do tests after

the training period on fast walking, upramp, d.ownramp,

stairs-descending and climbing. These resufts are briefly

summarized as folfows:

(A) Fast walking

During this test, the amputee was asked to wal_k

at a faster pace with the control el_ectronics set at the

4-mode-operation. Both video and footswitch data were re-

corded. The video data, which were converted into kinematic

data, have been anaryzed among other locomotion runs in

6l

the previous sections of this chapter.

From the footswitch data, it can be seen that the

ÏIRV was energized for a ronger period than l-evel walking

required at the amputee's rfree speed' ( see both Figs.

4.3? and 3.rr) to reduce the velocity of the moving shank.

rt is common to expect that A/K amputees would exert more

hip muscle effort to initate a faster swing on the pros-



thesis during fast walking. so when walking with any parti-

cular velocity at which a particul-ar amputee coul_d minimize

his hip effort whil-e maintaining a good aesthetic posture.

when warking faster than this velocity, the response of

the prosthetic Ìeg would, not be abfe to keep up with the

normal- 1eg, requiring compensation from the normaf leg

which woul-d further increase the as¡rmmetry.

From kinematic data it is seen that there is an

increase in as¡rmmetry in Run-6. Froïri datarin Fig. 8,3?,

it is noted that at l-east one var-ve was being energized

approximately 75/, of a cycle time. It is felt that too

mu.ch damping existed because insufficient angurar move-

ments were observed on the prosthetic limb (Fis. 4.18,

4 ,L9) as compared to that of the intact l_imb.

unnecessary damping can be reduced if the 3-mode-operation

is to be substituted which will definitely improve the

s¡rmmetry and the performance during fast walking.
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(B) Upramp and downrarnp

Because the avail-able video equipment was set up
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for l-eve1 walking, only footswitch data could. be recorded.

Efectronics on the prosthesis was set to the l-mode-operation

for easier handling on the ramps. The amputee was asked

to practise for approximatery 15 minutes before the test

began.

During upramp, footswitch data taken show that the

amputee was able to lock his knee (at state_3) to ffexion

during mid-stance in order to propel his bod.y upward and

forward..(see Fis. 4,38), Free swing was ar-so possibr_e.

The amputee walked extremery slowJ-y (about zo steps per

minute), and the prosthetic side visually showed a lesser

flexion in knee angle as compared to l-evel walking.

During downramp, footswitch data show no definite

pattern of the varvesr operation. some steps, however,

do show that some l-evel-s of resistive torque were present

most of the time during stance and swing on the prosthesis

(see Fig. 4.39), The presence of resistive torque in-

directly increased the time taken for every step; other-

wise, he would have felt less secure.

The stance to swing ratios recorded. on the ramps



are about the

(c ) Stairs

In ascending and

is extended and flexed

on one leg. The extent

from full- extension to

same as those during level walking.

stabilizers in the normal knee joint are the patella

and the quadriceps acting through it. Therefore, to cfimb

stairs is considered to be one of the most difficurt tasks

for an A/K anputee since he does not have the necessary

quadricep muscles across the knee joint to provid.e exten-

sion torque during the weight support period. rn this

study' even though the amputee can l-ock his prosthesis

to flexion, he cannot "jack" himself up by pivoting on

his prosthetic knee joint. Another fact is, his stump is

only about B in. 1ong, which provides Iittle leverage or

the mechanical- advantage for such an operation. An extensi_on

moment has to be provided by an externaf power source to

give a l-ift, so climbing stairs is not feasibre in this

descending stairs, the knee joint

whil-e supporting the body weight

of the movement of the knee is

a 9Oo flexion. The functionaf
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prosthesis, if not impossibl-e because it is a passive device.

As for descending stairs, it is anaÌogous to walking

down a ramp, except that the amputee has no i.dea of when

locking is necessary as each step has to be very precise.

He has to avoid crushi-ng the edge of stairs when weight bear_

ing is being transferred, to the prosthetic feg. At the same

time, his whole body has to descend with

at flexion. Too much damping at the knee

a longer time for the intact leg to land,

to-lock situation coul_d cause him to slip

leg. Less damping present coul-d cause the

collapse. These difficulties probabl_y cause

6Z

l-ack conf idence, particularly because of a

and, in turn, resulted in no meaningful and

coryelation between the valves' operations and the walk-

ing cycle periods as each step takes considerabl-e time

to be executed.

a yielding l-ock

joint woul-d take

and the cl_ose-

on the prosthetic

prosthesis to

the amputee to

Iack of practice

consistant



CHAPTER 5

RECAPITULATION OF RESULTS

(1) The main progress from early training (Run-j-) to

after training (Run-5) is that the amputee j-ncreased his

comfortabl-e warking speed subconsciously. The increased

speed on the prosthetic feg is a resurt of a longer stride

length, and a shorter step period. The increase of confid-

ence buil-ds up as the use of this prosthesis increases,

which is demonstrated by a shorter intact reg stance phase,

and shorter double support periods.

(2) The kinematic results of this prosthesis at this

stage of development (Run-5) are comparable with the

6B

commercialJ-y available prosthesis, namery the Henschke-

Mauch leg in Run-2. In some ways (".g., the stance-swing

ratio, and the prosthetic vertical hip displacement),

the performance of Run-2 is better than that of Run-J as

the amputee has been acquainted with his own prosthesis

for years. A smaller variation of knee angle on the



prosthetic side of Run-J indicates that damping might be

too high

Run-2 has

Run-2 in the vertical displacement of the centre of gra-

vity, and the discrepancy in doubl_e support periods of

in the knee joint. However, it does not mean that

a better s¡rmmetrical gait. Run-5 outperforms

Run-2 illustrates that compensation from the intact teg

stil-l plays a major role in his daily walking.

( r)

absence

ing. A

in the

Run-J clearly illustrates, the shortcomings of the

of damping in the knee joint during normal wal-k-

sl-ower cadence surprisingly improves the s¡rmmetry

displacement of centre of gravity of the body. However,

discrepancies in stride length, walking cycle duration,

doubl-e support periods, stance-swing ratio, and maxinum

6g

shank and knee angular changes, and in the vertical

heel-rise are more apparent in spite of its slow pro-

gression speed and small_er shank velocity.

(4) Physically, Run-4 and. Run-J are of the same pros-

thesis. Run-5 uses an active control scheme, white Run-4

represents the passive control aspect of the prosthesis.



There are no significant kinematic differences between

Run-5 and Run-4 except that a higher

and ÁE=n hErn are achieved. in Run-J.

is only possibl-e with the efectronic

to prevent stumbling.

(¡) Generarly, the results of fast walking (Run-6)

are simifar to

increase of al_]-

that

It is

kneé

changes in

f e l-t that

l-evel walking (Run-5) with the proportional-

the amplitudes in angular changes, except

ankle angle (O*) remain quite constant.

reduction of resistive damping j_n the

progression speed

Moreover, J_ocking

control_ on in Run-J

be substituted which coul-d have improved discrepani-ces

in the motion of both 1egs.

(6) The knee moment carculated. for this prosthesis (Run-

5) shows some phasic similariti.es to the idearized moment

curve from Radcliffe (t957), Moreover, this resurt is

comparable to the other types of avail-abl-e prostheses.

joint can be achieved. if the J-mode-operation is to
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The primary concerns of eval_uation lie in three

areas: the amount of training required, the levef of con_

trol achieved, and the performance of gait. AtI of them

CHAPTER 6

DISCUSSTON & CONCLUSION

rely directly on how good a design is. Conversely, a good

design should provide stability (as in control) and slrm-

metry (as in gait pattern) to an amputee.

The stability of a prosthesis depends upon a sound

and consistant controlling scheme, which in this study is

the EMG pattern of the stump muscl-es. During the training

period, it was found that the amputee began to be aware of

his own controlling power in providing the required knee

joint torque for walking. This awareness enchanced his

7t

confidence in both prosthetic stance and swing. This form

of control, even though voluntary, d.oes not necessarily

have to be conscious. Training shows that when subcon-

scious control- was called for, he was abl-e to trigger the
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required sequence of valvê operation; and he did not get

tired so frequentry. Therefore, it is fer_t that by con-

scio¡rs training, the EMG pattern adapts during daity

walking routine. This adapted EMG pattern enabfes the

amputee to exert control over the electronics which varies

the damping resistance accord.ingly with his minimar attent_

ion. He can then direct most of his attention to the form

of posture and cadence variation.

rn view of the fact that during r-ever warking, no

significant kinematic differences were observed after the

control electronics were turned. off, one might ponder if

such a controlling scheme is of any benefit.rt is fel-t that

during non-l-evel walking, the demand for damping wouÌd

increase à great deal because ait. increase in muscular

activit y is expected.. rn the event of accidental farrs,

it is natural for the amputee to tense al-l_ his muscl-es

which wilf automaticalry provide an 'emergency brake'

through this controrring scheme. Therefore as far as

safety is concerned, this type of active controf is à



ne ceSS ity.

Tt is diff icult, if not impossible f or an unil-ateral

amputee to perform as wel-l as normals. At least, in some

ways, he wil-l attempt to l_et his prosthetic fimb follow

the pattern developed by his intact l_imb. Unfortunately,

the pattern developed by his intact l-imb has been somewhat

'disturbed'due to the compensation required. to support the

function of the prosthetic l-imb. Therefore the only vatid

criteria for gait pattern evaluation is through

of s¡rmmetry accomplished by both limbs.

The overafl s¡rmmetry is best il_l_ustrated

stance-swing ratio on both legs a-nd the path of

()

of gravity of the amputee from Run-5. Even though the best

stance-swing ratios are accomplished by the amputee with

his own prosthesis (which shoul-d be expected), the path

of the vertical- displacement of the centre of gravity

clearly demonstrates a cl-oser to normal gait from this

new prosthesis.

the degree

by the

the centre
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Any design has to have a way to specify its effect-
iveness in order to provide room for future improvement.

1o determine the aE=h to aE-r., ratio as discussed in
chapter-4 appears to be one of the solutions since the

knee joint unit is in the path of energy flow across the

thigh and shank-foot of the prosthesis assembly. The totaf

energy changes in the shank determines the speed and driv_

ing forces during swing, r*hich in turn are the result of

the necessary muscular activities of the thigh muscres.

Therefore,it is felt that a large ratio of t1=n/ oEth is

desirable as it would. then be an indication of reduced

effort from the thigh muscres. This study has shown that

a rise in this ratio occurred after training, and" a drop

appeared after the elimination of the d.amping el-ement.

Furthermore, these ratios are larger on the intact legs.

There are a few areas where this prototype can stil-l

be improved. This design was buil-t with the assumption

that flexion is possible during early stance. But gener-

a1]y, the amputees are not abl-e to provide frexion during

prosthetic stance, and this fact is evid.ent in arl the



prosthetic knee angle (on) records of this study. The

resulting gait l-ooks 'stiff ' during this period which

could be an extra cost for the energy expenditure. A

design simifar to a four-bar rinkage system may be able

to alleviate this problem.

The inabiility of the sAcH-foot to d.orsifl_ex before

mid-swing causes a problem. As a resul_t of this inabiJ_ity,

the thigh and shank motions were sl_owed. down in this

study. A hydrauric device might be useful in order to

shorten the total length of the prosthesis during swing

so as to minimize the loss of momentum developed.

()

Nevertheless, one has to appreciate that this

prosthesis is only a passive (non-powered.) device fitted

on an amputee with only hal-f of his stump muscles. Besicles,

improvements on all- aspects mentioned are possible which

make the EMG-control a very viable and promising scheme

for lowerli-mb prostheses.
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Type of solenoid

Skinner

(two way

Because

adjustment had to be made on the size of orifices. The

crr factors are given on certain types from skinnerrs
handbook, whíle cy factors for the modified valves of
the study were extrapolated. frorn these data (shown on

the following page). The si-zes of orifaees and corres-
ponding c' factors are listed in the accompanying tabre.

Two needle valves were added to the so.r enoid val_ves
to provide variable resístances. The correspondíng cv
factors can only be taken as approximations.

APPENDTX A

hydraulic valves used:

81 Dfl ¿lOO

normally open subminature valves, type BI)
of the type of commercial valves available,

79

Dyckts design

Valves C' factor
Check valve O.OB

High R. V. O.Oz

low R. V. 0.10

New modification

Orifice diameter

^ 0.088

.- 0. 031 tó 0 .045

,.'0,Q6J to 0.084

(in. ) C' factor
*0,16

-0,02 t,o O.04

-o.o6 to o.l4
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APPII]DIX C

Soien-oi d swj tchin,q detSctor
rn orcle:r to obtai-n the ternporal- operation of il^re

solenoid r¡a]-ves v;ith resnect to .;he lvalkinfi cyc1e,
s jmultaneotìs recoi din,ls of the Otl-OFI' operati.ori of
va'ìves and the f cct-sr",'i.tches clata are r-i.es i rabl-e . Linrsed

channe-l-s oF the -leleinetry unit in the Locoinotion Laì-iora-lorj.

cone 'r,'ith ci f fe :-ential an¡1- j f iers as inpu.ts. ..Ìrey vjer.e

bejng util_j.secl in the follor,;infl aanÌ1er¡ a cor.,.p1e of
differentia*rinll cir.c:iir;s were attached to the co"t Iector
of ibe lfo\j¡er t.:'alrs j sio:-s that dri ve the sor enoi_cls. ol;.tÞr.lts

fro:n ihese differ-er:tial,i-n,i ci::clrits were fed into the

inp'lts of l;he tel-enetry unit. i-ry varying the resistance
drrring the netra'cive cycie, two different purses can be

obtained lvhenever the sol-enoids are in operation.
0l\{ ancÌ Olri-r operat-ions are distinguished by its

s r ze s shov,'n be Iov,':

B3
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APPEI{DIX I]

Spec i al- conorrter proqrams

fwo Fortran proßrams were written for data

mani-pr¡]¿tion" 1'he f irst one is for. norrnal-:zing a. set

of points, i t requires another subrolrtine call_ed 'tPLOrì,t

for outpu.t. on a llne printer; vrhiJ_e the second one

rotates the points, it requ.ires another snbroutine cal-red

"FILiER" to smooth the data at the merging junction$"
This digitar f iltering procerlure has been described by

ldïnter, et a] (t97tç¡¡,

O/
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Determination

From the free

APPENDIX .E

of knee joint mornent during swing phase

body diagram below, we can write the moment

equation for equilibrium:
External moment - Inertia torque = 0

or Mext - ^f =0
Let Mnbe the net moment about the knee joint, then if there
is no motion,

Kneê joint moment - moment d.ue to ¿çravity = e

or Knee joint moment = moment due to gravity
that tl to (no notion) = 4n x M"r, Ë
where R"n - displacement vector of centre of mass of shank-foot

from knee centre,
Msh - mass of shank_foot

_ -ltand g -acceleration due to gravity.

/^
'/
$ : ls¡'

7,
I

t"1

9o

Rsi

,t

moÇ5



If there is motion,

M,_ = Moment due to gravity * moment due to dynamic torque
K \or Mk = (4n Msh È) + (ro=h b"n " Qn"îXn *"n)

*
where I the moment of inertia of shank-foot about the

SN

centre of mass

l=r, - absolute angular accel-eration of shank in space
+A - acceleration of shank about centre of mass, which

Sn - --5 r ___-> ---s

equats to f* + ( ð"i, (å"i., %n) + é"n t=n )

--!(e, is the acceleration of shank abolrt knee centre ).K

If we take moment about the knee joint, then
-o -\ -ì ---J -)Ash = Ak , and Ish = Ish , where Ish is the moment of

inertia about the knee .joint

-¡ -> _> .o --5 \

therefore, Mk = (R=nx Msh g) + (I=n O"h * R=n Alo M=n)

o't
/L

0r, in scalar quantity,
tl

Mt =rshosh-RshMshS

where e^ is the direction
d.

K

cos(0"r,) - Rsh AkM"h sin(o.o - o=r,)

of An in space.
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Fig. '1 .1 Schematic of el-ectro-hydrarrf i" knee unit .
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Fig. 2.2 The intersection of the horizontal- and the
vertical_ displacements produces the pathway
of the center of gravity in locomotiõn(Saunders, 1953)
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