
UXIVERSITY0PSTRATHCLYDE 

SCHOOL OF 

MECHANICAL AND CHEMICAL,, 

ENGZNEERING 

AND NAVAL ARCHITECTURE 

BIOMECHANICAL EVALUATION 

OF PROSTHETIC FEET 

by 

James C. H. Coho BSc(Hons) 

Thesis submitted for the Degree of 

Doctor of Philosophy in-Bioengineering 

Bioengineering Unit September 1982 



'I will lift up my eyes to the mountainsi 

From whence shall my help come? 

My help comes from the Lordy 

Who made heaven and earth. 

He will not allow your foot to slipt 
He who keeps you will not slumber. 
Beholdt He who keeps Israel 

Will neither slumber nor sleep. ' 

Psalm 121: 1-4 
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ABSTRAC. T 

An evaluation method was developed which can be 

used generally for the assessment of any prosthetic feet. 

The two most common prosthetic feet prescribed to below- 

knee and above-knee amputees are the Uniaxial and SACH 
fedt.. A review of prescription practices shows that in 
the United Kingdom about 80% of the below-knee and above- 
knee amputees are fitted with a Uniaxial foot, whereas in 

the United States about 80% are fitted with the SACH foot. 

These contradictory prescription practices between the 
two countries. prompted the project to be concentrated on 
the evaluation of the SACH and Uniaxial feet. The method 
developed includes a subjective assessment procedure and 

a biomechanical evaluation on the function of the two 

prosthetic feet and their effects on whole body gait 
kinematics and lower limb kinetics. 

A review of the methods used in gait analysis is 

presented in the thesis. This forms a basis for the 

selection of a suitable gait recording system for the 

project. ' A background study of lower limb prosthetics 
in general and a review of prosthetic ankle/foot 

assemblies in particular are also presented. 

The methodology and instrumentation used in the 

project are given. Altogether, six below-knee and five 

above-knee amputees were tested. Due to insufficient 

supply of heel bumper stiffness*by the manufacturer for 

the Uniaxial foot, heel bumpers of varying stiffnesses 
had to be made in the Bioengineering Unit. 

The development of the analytical procedure for the 

three-dimensional analysis is presented. A suite of 

computer programs was written to facilitate the handling 

of the large amount of data, details of which are included 

in the Appendix. 
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Results from the analysis of the tests performed 

are discussed. Although some apparent differences were 

observed between the SACH and Uniaxial feet, no 

conclusion can be drawn as to which is better for the 

function of the amputee. 

0 
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Introduction 

A large number of ankle/foot assemblies has been 
designed, some incorporating ingenious mechanisms capable 
of reproducing certain functions and movements of the 

normal foot. However, the complexity of the designsp the 

excbssive maintenance required and their unacceptably 
high mass have prevented their wide use. 

By far the most common type of prosthetic foot 
used has been the Unlaxial foot, In which limited plantar 
flexion and dorsiflexion is permitted. This foot is 
relatively simple to fit to the patient and to maintain. 
However, it has several disadvantages; the moving parts 
can cause noise and wear;, furthermore the appearance of 
the junction line between the prosthetic foot and the 

shank could be objectionable. The change in resistance 
that arises at the ankle joint during locomotion could 
also cause problems for' some patients. 

N 

The development of the Solid Ankle Cushion Heel 
(SACH) foot in the 1950s, was the result of an attempt to 

overcome some of these problems. The SACH foot functions 

without the use of an articulated ankle joint. A wedge 
of cushioning materal at the heel provides the shock 
absorption during heel strike and a wooden keel shaped 
at the ball of the foot provides a rolling action. The 

foot requires minimal maintenancet has good appearance 

and is quiet during operation. Its main disadvantages 

are that it has no adjustment in plantar/dorsiflexion and 

a shorter life. 

Prescription criteria for-prosthetic foot and ankle 

units have been derived from experience gained by the 

clinician and the prosthetist. They tend to vary 
depending on the country and particular limb fitting 

centre. In the United Kingdom about 80% of the prosthetic 
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feet prescribed for the below- and above-knee amputees 
are Uniaxial feet, whereas in the United States about 
80% of the prosthetic feet prescribed for the same groups 
of patients are SACH feet. The reason for this drastic 

difference in prescription practice is not readily clear. 

In 1955p New York University was contracted by the 
Veterans Administration to determine the performance of 
the SACH foot as compared with the Uniaxial foot. A 
high level of acceptance of the SACH foot was indicated 
in their clinical analysis. Their engineering evalua- 
tion with force plate data showed that the above-knee 

amputees had smoother transition from heel to toe with 
the SACH foot. Following on, in the 1960s, clinical 

experiences showed a high percentage of preference for 

the SACH foot and that it was already in widespread use 
throughout the United States. There was no report of 

such a nature in the United Kingdom to indicate the 

preference of the Uniaxial foot, although it had been 

suggested that better knee stability could be achieved 

with the Uniaxial foot. 

- In reviewing existing literature and In conversation 

with experienced ýrosthetists, it is believed that in 

general a high percentage of SACH feet should be 

prescribed for the unilateral below-knee amputee, since 

the intact knee on the prosthetic side is capable of 

control. For the above-knee amputees, both the Uniaxial 

and SACH feet should be used, depending. on the activity 

level of the patient, SACH being used for the active type 

and Uniaxial for the geriatric and enfeebled patient. 
This however is a broad rule of thumb and to date has not 
been backed up by scientific studies. Furthermore, the 

choice of the stiffness of the bumpers of the Uniaxial 

foot or heel of the SACH foot is decided subjectively. 
It is evident therefore that there is a lack of 

objective Information and it was thus decided firstly to 
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perform a biamechanical evaluation on the function of the 

two prosthetic feet and secondly to investigate their 

effects on whole body gait kinematics and lower limb 

kinetics. 

The below- and above-knee amputees form more than 

80% of the amputation population and are prime users of 

prosthetic feet. Therefore, these two groups of amputees 

were considered In the project. Altogetherp 6 below-knee 

aod 5 above-knee amputees were tested. In order to keep 

variables which can influence the results down to a 

minimum, it was necessary to provide each patient with 
an experimental prosthesis which is flexible enough to 

accommodate either the SACH or Uniaxial foot. The Otto 

Back Modular System was found to be very suitable for 

this purpose. 

An evaluation method was developed, which can be 

used generally for the assess 
* 
ment of any prosthetic feet. 

It is however applied to the evaluation of the SACH and 
Uniaxial feet, for reasons already mentioned. The method 
includes a subjective assessment procedure and a 

quantitative assessment technique. 

The quantitative assessment was done by recording the 

patient's gait by means of three cine-cameras and measur- 
ing tfie ground load actions using two force plates. This 

permitted three-dimensional analysis on the contralateral 

sides of the subject. The analytical procedure for the 

experimental system was designed to perform whole body 

gait kinematics and lower limb kinetics during locomotion. 

A suite of computer programs was written in the Fortran 

IV language to facilitate the handling of the large amount 

of data. Repeatability tests were performed on the 

system with one normal subject and one above-knee amputee, 

so as to check and compare the range of scatter inherent 

in the methodology. 
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CHAPTER 2 

Review of Analytical Methods in Human Locomotion Studies 

2.1 Body Seqment Parameters 
I 

2.2 Kinematic Measurement 
2.2.1 Photographic Techniques 

2.2.2 Optoelectric Techniques 

2.2.3 Goniometry 

2.2.4 Accelerometry 

2.2.5 Temporal/Distance Factors Recording 

2.2.6 Ultrasonic Tracking System 

2.3' Loading Measurement. 
2.3.1 Force Platforms 

2.3.2 Pylon Force Transducers 

2,3.3 Footwear with Force Transducers 

2.3.4 Foot-force Distribution Recording 

2.4 Normal Gait'Studies 

2.4.1 Kinematic Data 

2.4; 2 Foot-Ground Reaction Data 

2.4.3 Intersegm6ntal Joint Forces and Moments 

2.5 Energy Expenditure Studies 

2.5.1* Metabolic Rate Method 

2.5.2 Mechanical Energy Method 
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2.1 Body Seqment Parameters 

It is a fundamental requirement In the study of 
human locomotion, especially when performing kinetic 

analysis to determine the physical properties of the 

limb segments under consideration. Those body segment 

parameters required are: (1) mass of segment, 
(2) location of the centre of mass, and (3) mass moment 
of ineftia. 

The history and measurement techniques(both in-vivo 

and in-vitro) used in determining these body segment 
parameters are well documented in Drillis et al (1964), 

Miller and Nelson(1973) and Chandler et al (1975). Only 

a brief discourse on investigations that are of interest 

to this project is presented. 

Harless(1860) reported on data collected from tw*o 

male cadavers and introduced the method of coefficients 
in determining body segment parameter-s. They are : 

CI - ratio of body segment mass to total body mass, 
C2 - ratio of distance between proximal joint and 

centre of mass of segment to total segment 
length, 

C3 - ratio of radius of gyration to total segment 
length. 

Howevert Harless only prodund data concerning body 

segment mass and the position of the centre of mass. 

Meeh(1884) was perhaps the'first to report on data 

obtained from living subjects(eight males and two females). 

However, only the mass of the body segments was 

investigated. 

Braune and Fischer(1889) presented information on 
three male cadavers. The coefficients Cl, C2 and C3 

derived from these data were even used by researchers of 
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the 1960s in their kinetic analysis. 

Bernstein and his associates(1936) realising the 
inadequacy of the data used by Harless and by Braune and 
Fischorp performed a study on 152 living subjects of both 

sexes(76 males and 76 females). Howeverv the investiga- 
tion did not include the head, hands and feet. 

Dempster(1955) obtained and presented results 
based on eight male cadavers. The coefficients derived 
from these results are still widely used and recommended 
for use in human motion studies by Plagenhoef (1971) and 
Winter(1979). 

The team in New York University(NYU) conducted two 

series. of studies. The first one was reported by Drillis 

and Contini(1966), where 12 live subjects were used. In 
their presentationg they combined all the coefficients 
obtained from previous investigators and produced 
weighted averages of the coefficients. The second study 
was reported by Contini(1972), where results of 17 live 

subjects (9 males and 8 females) were presented. However, 

not-all data were recorded for every subject. Data on 19 

additional subjebts, with either hemiplegia or an 
amputation were also presented. 

*Several other studies had been-conducted in the 
1960s and 1970s besides those at NYU. Most of them were 
initiated by the Aerospace Medical Research Laboratory ' 

in the U. S. A. 9 Chandler et al (1975). Howeverp most of 
the data are not available for comparison, except for the 

work of Clauser et al (1969) who performed their study 
on 13 male cadavers. The derived coefficients were cited 
in Miller and Nelson(1973). Chandler et al (1975) also 
used the same method and technique as Clauser et. al. in 
their "Investigation of the inertial properties of the 

human body". Six male cadavers were used to obtain the 
information required. 



8a 

cl C2 C3 

MEAN 
+ -1 S. D. 

ONE THIGH 0.1027 0.4169 0.2912 
(±O. Ollq) (+0-. 0325) (+0.0384) 

ONE SHANK & 0.0632 0.4673 0.3467 
FOOT (+0.0036) (+0.0455) (+0.0639) 

ONE SHANK 0.0453 0.4030 0.2890 
(+0.0035) (+0.0260) (+0.0134) 

ONE FOOT 0.0152 0.5000 0.4750 
(+O. OOlq) - - 

Table 2.1. Coefficients of Body Segment 
Properties 
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The availability of additional information on body 

segment parameters obtained after 1966, enabled this 

author to include them in those presented by Drillis 

and Contini (1966). Table 2.1 givds the "new" set of 
coefficients of the lower limb segments# which are 
relevant to the analysis. Only data derived from male 
subjects were used. The standard deviation of the data 
is also presented, this could be used as an*indication 
of the error Inherent In the prediction. The details of 
the derivation are given in Appendix (A). 

2.2 Kinematic Measurement 

Human locomotion has been a subject of interest for 

a very long time. Ancient ruins from archaelogical 
excavations suggest this concern/interest either in art 
form or for communication. Greek philosophers, like 

Hippocrates(c. 450 BC), Aristotle (c. 350 80 and 
Archimedes(c. 250 9C)p out of curiosityapplied themselves 

to the understanding of it. Leonardo da Vinci (c. 1500 AD), 

in his 'Notes on the human bodyl was perhaps the first to 

make systematic but still subjective observations of 
human movement. 

The first indication of a scientific(theoretical) 

approach was in the seventeenth century. Borelli (1680) 

applied' the sciences of mathematicsq physics and anatomy 
to the understanding of human locomotion. This stimulated 

and accelerated greater interest in this field of combined 

sciences. In 1836, the Weber brothers presented a theory 

of locomotion which concluded that the swing phase of gait 

was a pure pendulum motion. This was however repudiated 
by successive investigators. 

The staie of the art was purely subjective and 
theoretical until the introduction of objective recording 
instruments. The following sections will be devoted to 
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. 

Figure 2.2.1(a) One of Marey's subjects 
(from Bernstein, 1967) 



the development of these objective recording instrume'nts 

for human locomotiong which allow quantitative analysis 
to be performed. 

2.2.1 Photoqraphic Techniques 

Photography is by far the oldest method used In 

recording human mption yet it is the most widely used. 
There are basically two types of recording methods 

(a) recording of the entire movement on a single 
photographic plate, (or multiple exposure technique) 

and; 
(b) recording each instant of movement in time on 

separate photographic negatives (or cinematography). 

(a) Multiple exposure technique 

This method in its earliest form was introduced by 

Marey (1873). His subject was dressed in black with 
bright reflective strips and spots to define the limb 

segments and joints, respectively, see Figure 2.2.1(a). 

These identifiers when illuminated showed up the movements 

of the subject and were photographed as a series of images 

on a single plate. This is called cyclography or 

cyclogrammetry and it has a limitation, in that the 

relative displacement of the joints-and segments cannot 
be readily discerned. Hence, in 1886, he improved the 

technique by including a rotating shutter in the camera 
to overcome the problem. The images produced were in the 

form of 'sticks' and are called. 1stick diagrams'. This 

inclusion of the sense of time in cyclography is termed 

chronocyclography. 

This method has since then'been modified and the 

quality improved. Braune and Fischer (1895) replaced the 

passive identifiers by "Geisler" tubes, which emit light 

intermittently at a frequency of 26 flashes per second. 
Using 4 open lens cameras in the layout as shown In 
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0 

iA- 438 cm 446 cm --.. q 

% 
0 

0 

Figure 2.2.1(b) Braune and Fischer's arrangement 
for photographic recording of. 

gait 
(redrawn from Braune and Fischer, 

1895) 
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Figure 2.2.1(b)q they were able to perform 3 dimensional 

analysis. Calculating the velocities and accelerations 
from displacement data, and together with the body 

seqmental parametersq some force adtions on the body were 
evaluated. 

In order to overcome the undifferentiable' 
trajectories of overlapping movement in cyclography, 
Bernstein (1927) introduced kymacyclography or gliding 
cyclography (Drillis 1958). Instead of using a stationary 
platep cyclographic exposures were taken on a slowly and 
evenly moving plate. This method was used in recording 
activities involving repetitive movement of the arms such 
as metal filing, sawing and hammering etc. It is rarely 
if ever, used nowadays especially in human gait recording. 

Bernstein and Popova (1929) experimented with the 

chronocyclographic method, using even smaller electric 
light bulbs (approximately 1 mm filament length). A 

rotating shutter was positioned in front of an open lens 

camera and they claimed a frequency of up to 600 per 

second. However, most of their work was done using 
between 60 and 190 exposures per second. 

Eberhart and Inman (1947) reported their extensive 

studies on human locomotion and related information on 
the design of artificial. limbs. One of the methods they 

used in gait recording was interrupted light photography 

which is essentially chronocyclography. This was 

accomplished by the use of a rotating shutter in front of 
the open lens camera and opthalmic electric light bulbs 

were used as body markers. The speed of the rotating 

shutter was 30 rev/s and the slit on-the shutter disc was 
18 degreesq thus giving an exposure of 1/600 second. A 

35 mm cinecamera was used to obtain the frontal view. 
They later concluded that interrupted light photography 

was "not particularly useful in the evaluation of gait" 
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(Eberhart et al 1954). This was perhaps due to the 

difficulties they encountered in trying to obtain an 

accurate third dimension from their system. 

Two methods of three dimensional recording using 

an interrupted light technique were described by 

Bernstein (1934). One involves the use of a large plane 
mirror placed at a known ahgle to the main optical 

axis of the camera. Only a single camera is required 
to obtain the direct, as well as the reflected images. 

From these the three spatial coordinates of a marker can 
be derived. The second method involves the use of a pair 
of stereoscopic cameras, either with parallel or 

convergent optical axes. The parallel axes type is 

limited by their fields of view. The convergent axes 
type Is much more versatile and is popularly known as 

stereo-photogrammetry. 

Murray et al (1964) mounted a mirror at an angle of 
25 0 over the walkpath, such that the overheýd projection 

of the transverse movement could be recorded on the same 

photographic plate. The interrupted light source comes 
from a stroboscopet flashing at 20 times per second at 
the reflective markers. The camera lens was kept open 

and the test was performed in semi-darkness. 

Lippert (1973) used a stereocamera system ( i. e. 
two "calibrated" still cameras connected by a base of 
known length) to study the mobility of fracture fragments 

of the tibia. Reflective markers with a stainless steel 

stem were inserted into the bone and tests were performed 
in a darkened environment under stroboscopic lighting. 

The author claimed a measurement resolution of 1 to 1.5mm 
3 for the stereoscopic field of (2.0 x 2.0 x 0.5) m 

Cappo zzo (1981) used stereophotogrammetry to study 
the linear movement of the head and trunk. Yellow light 
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1 

Cj 

1) Lens - Symmar f. 5-6/100mm, stopped down to 
f122. 

2) Rotary shutter - 0-3mm aluminum sheet. 
3) Stepping down motor - 7.5deg. per step, 90-120 steps per 

sec. to 1,2CO steps per sec. 
4) Partially masked hole 
5) Photoelectric cell 
6) Shutter apertures - equidistance accurate to nearest 

1/100mm. 
The casting is made of aluminum and can be matched to most 
single-lens reflex cameras up to maximal size of 6.5 x 9cm. 

Figure 2.2.1(c) Baumann's chronocyclographic device 
(from Baumann, 1974) 
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emitting diodes (LED) were used as markers; their 

frequency range was from 30 to 60 impulses per second. 
Four 35 mm still cameras (with open shutters) were placed 
in stereoscopic pairs with convergent. optical axes. 
Filming was carried out in a laboratory illuminated with 

green lighting, so as to "guarantee" a sufficient 

contrast with the yellow light LEDs. An accuracy of 
+2.5 mm for the IXI and tZI displacements and +8mm for 
the "Y" displacement was claimed at the periphery of the 

stereoscopic field of (2.2 x 1.9 x 0.3) m3. 

I 
Several disadvantages. ore inherent in interrupted 

light photographic technique. One of them is identifi- 

cation problems, i. e. when movements overlap and when a 
point remains more or less stationary. Baumann (1974) 

described several constructional features in his chrono- 

cyclographic system, which attempt to overcome this 

difficulty. One of the eight holes on the rotating 

shutter disc was partially masked, this was to produce 

shorter images in the plate for identification. A photo- 

cell was used to detect the partially masked hole and 

produce an output pulse to synchronise the two planar 

stereoscopic pictures, see Figure 2.2.1(c). For indoor 

filming, high intdnsity miniature filament bulbs were 

used as markersq with normal Indoor lighting. While for 

outdoor filming, -infra-red LEDs were used. The accuracy 

claimed by the authorl was in the order of + of 1 mm for 

1XI and 'ZI displacements and +3 mm for 'Y' displacement 

for the stereoscopic field of (6 x5x1.8) m 
3. 

The multiple exposure technique already described 

has the advantage of producing all the information on a 

single photographic picturep which can be obtained 
instantly by using Polaroid cameras, Milner et al (1973). 

Results obtained from this method havebeen claimed to be 

fairly accurate. However, it has several disadvantages. 

The stroboscopic flashing, associated with one of the 



13 

interrupted light method, could produce a hypnotic effect 

on the subject and alter his gait pattern. Other methods 
which require filming in semi-darkness or "strange" 

lighting could also influence the natural gait pattern of 
the subject especially that of pathological subjects. 
Furthermore, wiring attachment of either electric bulbs 

or LEDs may restrict movement. The stereophotogrammetry 
method requires very precise alignment of the stereoscopic 
pair of cimerast in order to obtain accurate results. The 

stereocamera itself is limited by its critical distance 
between the two camera lensesq such that the field of view 
is restricted. 

(b) Cinematociraphy 

This method was first used by Muybridge (1882) in 

the recording of racing horses. In further investigation, 

in 1901, human movements were recorded. Successive 

phases of motion were filmed by 24 cameras, with shutters. 

operated by an electrical device of his own design. To 

allow for quantitative assessment, pictures were taken 

with a huge grid board in the background. 

Marey (1885-) devised a "photographic gun" which was 

able to film at 12 frames per second and had an exposure 

of 1/720 second. 
ýhis in effect was the predecessor of 

cinephotography or cinematography. However, this 

technique did not gain popularity among researchers in 

human locomotion at this early stage because of the low 

filming rate and the difficulties involved in data 

reduction. 

Elftman (1939) studied several aspectsý of the human 

gait using only one cinecamera. Filming was made in the 

saggittal plane to obtain displacement data in two 

dimensions. 
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CAMERA 3 

REFERENCE PLANE -. -REFERENCE PLANE 

CAMERA 2 

-kS 

EFERENCE PLANE I 

Figure 2.2.1(d) Arrangement of cinephotographic 

system of Eberhart and Inman(1947) 
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Eberhart and Inman (1947), as previously mentioned* 

presented two other methods incorporating the use of 35 

mm cine cameras operating at 48 frames per second. The 

first method involved using three such cameras positioned 
25 feet from the subject an the principal axes, so that 

the front, side and top views were obtained# see 
Figure 2.2.1(d). Wooden markers were attached to stain- 
less steel screws driven into bony prominences. This was 

used td determine the transverse rotation of the lower 

extremity during locomotion (also described in Levens et 
al 1948). The second method used a glass walkway with 
an inclined mirror underneath. One cinecamera was 

positioned normal to the saggittal plane, taking the 

lateral view as well as the view from the mirror. 
Another cinecamera was used to film the frontal view. 
Besides adhesive tape markersv a special pelvic girdle 

with an anterior extension and a 'Ut shaped ankle bracket 

with three locating pins were used on the subject. The 

results for these two methods are questionableg due to 

the uncomfortable marking system which may have 

influenced the natural gait. However, the arrangement of 
the cameras does allow three dimensional analysis. 

. 

Bresler and Frankel (1950) presented a three 

dimensional analysýs of the lower extremity, utilising 
two 35 mm cinecameras (front and side) operating at 40 

frames per second. Skin markers, in the form of small 

white targets on black background tapes were used to 

indicate the hipq knee and ankle joint centres. Data 

reduction was done by projectingýthe image to half scale. 

There was no indication of any correction for parallax 

errors being performed. 

Paul (1967) used the same method as Bresler and 
Frankel, except that the cinecameras were 16 mm and 

operated at 50 frames per second. The films were 

re-exposed to superimpose a grid board. of 5 in. squares 
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as a reference. This improved the accuracy of data 

reduction and parallax errors were corrected. Ishai 
(1975) extended the method to include an additional side 

camera, so that the whole body movement (i. e. the con- 
tralateral lower extremitiesp and head, arm and trunk 
(HAT))could be analysed in 3-dimensions. 

One question associated with cinematography is the 

frame rate. The sampling theorem states that the 

sampling frequency must be at least twice as high as the 

highest frequency in the signal. However, it must also 
be high enough to define the movement. Simon (1981) 

tried out several sampling rates and concluded that 50 

frames per second was perhaps the best for analysing the 

walking movement. 

One major setback in cinematography is the time 

consuming effort required in data reduction. However, 

Pepoe(1970) introduced an automated system for digitising 

cine films. The system comprises of. three sheets of 
fibre optics interfaced to a mini-computer. The film is 

then projected onto the fibre ends and is scanned one 
line at a time for any light spots. The limitation of 
the system is that markers cannot be placed close 
together, otherwise erroneous coordinates will result if 

they fall on the same scanning line; The process rate of 

2 frames per second is quoted. Further processing is 

required to relate the coordinates to the particular 

marker. Kasvand et al (1971) developed a computer-based 

system to process cine films automatically also. A 

computer controlled flying spot scanner was used to 

analyse each frame. An initial coarse scan of the first 

frame was performed to identify the code and marker dot, 

as well as a neighbourhood for each dot. Subsequently, 

the computer reads the code and locates the specified 
dots from frame to frame and produces continuous on-line 
displays. Without operator intervention, the processing 
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speed for one frame with 5 dots is about 15 seconds. 

These are initial attempts to design and develope 

a fully automated system for data reduction of cine 
films. Further investigations are required in this area 
to produce an efficient, versatile and low cost systemt 

which will definitely revolutionise the cinematographic 
technique in human locomotion. An added advantage of the 

cine films is that they provide a permanent visual record 
of the event. 

2.2.2 Optoelectric Techniques 

In an effort to overcome the tedious and time 

consuming manual data reduction procedures of the 

photographic methods, and to provide in addition an 

on-line gait analysis system suitable for clinical uset 

several optoelectric systems have been designed and 
developed over the years. They are as follows 

(a) The Television/computer systems 
(b) The ISELSPOTI system 
(c) The 'CODA' system 

These systems were introduced either in the late 

1960s or early 1970s. Most of them are still undergoing 

modification and trials to improve performance in data 

collection. The following describe briefly the develop- 

ment of each system. 

(a) The Television/comouter systems 

Several television based systems for human motion 

recording have been developed independently. However, all 

the systems used the same basic principle in acquiring the 

two dimensional cartesian coordinates of the marker 
images. That isp through the scanning action of the 

television camera, the detected marker image is referenced 
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to the scan line and the position on this line. 

Furnee (1967) was perhaps the first to utilise a 
television based system for measurIng human movement. 
Small electric light bulbs were used as markers to 

define the anatomical landmarks an the arm. Digitising 

of the video signals was carried out by digital counters. 
This was further improved by incorporating buffer 

memories into the system which'allowed data to be 

transferred to. the computer during the field blanking 

period. A synchronous rotary shutter, operating at 50 

cycles per second, was also introduced into the system to 

provide simultaneous sampling of the markers. The 

exposure was 1/508 of a second. Due to design criteria, 

only 5 markers can be used. Furthermore, only one camera 

was used in the systemothus restricting their studies to 

two dimensions. 

Waas (1969) developed a three dimensional tele- 

vision based system,. using two cameras to provide 
bi-planar views of the electric bulbs. Digital counters 

were used to provide the coordinates, which were trans7- 

ferred immediately to the magnetic tape. This transfer 

time imposes restriction on marker arrangementq i. e. at 

any time during locomotion, the markers must not come 

within 9 scan lines of each other. Moreover, a maximum 

of only 4 markers could be used. 

Winter et al (1972) described a system, which 

employed a general purpose computer interface developed 

by Dinn et al (1970) to perform the analogue to digital 

conversion of video signals. The interface was set to 

give a sampling rýatrix of 96 by.. 96 points for each 

television field. See Figure 2.2.2(a). This resulted in 

a very high data rate and therefore required a f,, Airly 

large computer. Relatively large reflective hemispherical 

markers of 38 mm in diameter (i. e. half -a ping pong ball) 
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were used. This is because they found that the more 

sampling points there are within the marker image 

boundary, the more accurately the marker centre can be 

calculated. It was claimed that a dia 
' 
meter of 4 sample 

points gives a mean error of 3% of the marker diameter, 

i. e. about 1 mm. In order to maintain this accuracy 
from the relatively coarse sample matrix, a small field 

of view is needed, thus making it necessary for the 

televisioý camera to track the walking subject. A later 

de. velopment inQludes a second camera to obtain the 

frontal viewp Letts et al (1975), making it possible for 

three dimensional recording. Figure 2.2.2(b) shows their 

set up which also records EMG signals simultaneously. 

. Cheng (1974) used an. on-line mini-computer to obtain 
data fr 

' 
om one television camera. This system is in some 

ways similar to the one developed in Delft University. 

Digital counters were used to obtain the coordinates, 

which were then stared in a buffer register and transfer- 

red to the computer under program control. On transfer 

the data were checked and evaluated. The system is 

limited to detecting a maximum of one marker on any line 

due to the long processing time taken in transferring and 

evaluating a single marker. This effectively restricts 
the use of more than one marker an the same vertical 

height. 

Jarrett (1976) working at the University of 
Strathclyde developed a system, which could incorporate 

up to six television cameras to acquire 3 dýmensional 

kinematic information. However, only a two-camera system 

was installed, see Figure 2.2.2(c). Digital counters 

were used to obtain the coordinates, which were stored in 

buffer memories and transferred to the computer during 

the line blanking period. Up to six horizontal 

coordinates can be digitised and stored in a single scan 

line. The sampling rate was 50 Hz. Passive 
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retro-reflective markers, made from 7 mm diameter beads, 

were used. A tungsten halogen lamp positioned close 
beneath the camerap providesa light source for the 

reflection of the markers. This poses a limitation to 

the system in that other cameras have to avoid getting 
the lighting in their field of view. Therefore, 

simultaneous recording of the contralateral sides of the 

body Is not possible with the present camera layout. 

Furthermoie, the bright and intense light source is 

directed towarq the subject and tends to cause temporary 

blindness thus affecting his natural walking pattern. 
It was claimed that the system has a resolution of 0.1% 

and 0.3% for the horizontal and vertical data 

respectively. 

Jarrett (1980) recently developed a new Interface 

for the PDPll computer. It is now commercially available 

under the trade-name "Vicon" through Oxford Medical 

Computers, U. K. (1981). 

Andrews et al (1981) in their attempt to overcome 

some of the problems in the Strathclyde T. V. /Computer 

systýem, introduced an infra-red illuminator together with 

a rotary shutter.. This they claimed also improved the 

spatial accuracy. Howqver, the complete system is still 

under development at the time of writing. 

(b) The ISELSPOTI system 

The ISELSPOTI (an acronym for 'selective light spot 

recognition') is a commercially available system from 

Selcom AB of Partillep Sweden (1975). This system was 

originally developed at the Chalmers Institute of 

Technology, Gotgbýrg by Lindholm'(1974). It is based an 

a continuous light spot position sensitive, silicon 

photodiode sensor. A light spot impinging on the surface 

of the sensorg varies the current in the load resistances, 
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giving Its position. A dual axes sensor will provide the 

2 dimensional coordinates of the incident light spot. 
See Figure 2.2.2(d). Infra-ted light emitting diodes are 
being used as markers. By time-multiplexing technique, 

up to 30 markers could be tracked at a sampling frequency 

of 312.5 Hz. For three dimensional recording, two of the 

specially designed cameras are used. Each LED marker is 

sampled sequentiallyt hence there is no problem in . 
coordinate-markers identification. However, one unavoid- 
able disadvantage is that the IR-LED markers have to be 

mounted on the body together with their circuitry and 

power supply. 

The resolution of the system is largely dependent 

on the signal to noise ratio of the signal processor and 
detector, hence the power of the light source on the 

detector. This was demonstrated by Woltring and 
Marsolals (19BQ)t when they varied the distance between 

the LED and the camera. The signal to noise ratio 
decreases when the LED is moved further away from the 

camera. ' They obtained a resolution of +3 mm per axis for 

a field width of 3m and an observation. distance of 6m 

from a camera with a standard 50 mm lens. 

Although the ISELSPOTI system is potentially viable 
for clinical use because of its on-line and real time 

features in 3 dimensional kinematic data acquisition, it 

has significant limitations. Woltring and Marsolias(198Q) 

and Paul and Nicol (1981) in their independent evalua- 
tion of the system found that background light inter- 

ference is significant, "stray" reflection errors due to 

the power of the IR-LED used are very substantial and 

peripheral images are unstable becayse of the curvatbre 

of the lens. 

(c) The ICODAt system 

The-Cartesian Optoelectronic Dynamic Anthropometer 

0 



21 

(i. e. CODA) system was developed by Mitchelson (1975) at 
Loughborough University of Technology. 

This system consists of three specially designed 

cameras# specifically arranged, (see Figure 2.2.2(e)) so 
that the two outercameras are sensitive to horizontal 

movement (viz the tZI direction) and the middle one is 

sensitive to vertical movement (viz the IYI direction). 
From the ; tereoscopic arrangement of the two outer 
cameras, the 'qepth' of the target (viz in the IXt 
direction) can be computed. This is performed electroni- 
cally within the camera system. The analogue or digital 

output produced is free from parallax errors. 

Each camera consists-of a cylindrical lens doubletv 

which is used to focus a point light source, (in this 

case a miniature infra-red gallium arsenide laser), into 

a line image in the focal plane. An array of silicon 

photodetectors, with an encoded-optical mask in front, is. 

positioned in this plane to detect the line image 

position. Up to eight markers can be used. 

- The resolution of the system Is largely dependent 

on the signal to hoise ratio at the sensors. The signal 
level. from the la. ser t-arget at the sensor follows the 

inverse square law, therefore an increase in distance 

from light source to cameras reduces the resolution. A 

distance of 2m gives an accuracy of 0.25 mm while at 7m 

an accuracy of 10 mm is obtained. 

Mitchelson (1981) presented a vastly improved 

version, which is now commercially available as "CODA-311 

under Movement Techniques Limited. -Passive prism markers 

made from glass and mirror in the shape of a pyramid 

replace the infra-red laser. Each one is claimed to have 

an effective angular range of 220 degrees. Furthermore, 

each of the markers is uniquely identified by a colour 
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filter which is recognised by an optoelectronic colour 
decoding system. This automatically establishes and ... 
maintains marker identification upon start-up or after a 

marker is temporarily obscured. It also claimed that 

resolution of 0.2 mm and 1 mm can be achieved over a1m 

cube and 10 m cube field of view respectively. The 

sampling rate of each marker is 600 Hz. The field of 
view is 40 degrees, that is a 0.8 field width to distance 

ratio. ' Non-linearity of 0.2% over the total field of 
view is quoted. 

To date there is no report of a fully operational 
CODA-3 system, therefore no dbta are available to confirm 
the claims of the manufacturer. However, it is understood 
that several systems are being installedp Mitchelson(1982) 

and their performances are awaited with interest. 

2.2.3 Goniometry 

Goniometry is a direct measurement method that has 

been used fairly extensively in human motion ttudy. It 

offers the advantages of being fairly cheap and easy to 

operate. Moreover, a large amount of directly measured 

angular displacement data can be obtained instantaneously 

without tedious data reduction procedure. 
0 

Several types of goniometers have been developed. 

The simplest form is the protractor goniometer used in 

orthopaedic examination. Only passive movement can be 

measured fairly accurately. Cirlson (1981) introduced a 

mechanical "Peak-reading" goniometer, which consists of 

a dial gauge and a pair of arms. Each arm is firmly at 

attached to the adjacent segments of the joint and only 

the maximum angular displacement during motion is 

measured. This type of device is not particularly useful 

in comprehensive gait studies. The following is a brief 

description of the development of continuous recording 
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goniometers. 

Karpovich and Karpovich (1959) presented an 

electragoniometer (or Elgon) to record relative angular 

motion during locomotion. This device consists of an 

electrical potentiometer fixed to an arm with its spindle 
fixed to another arm. When used for measuring, the axis 

of the potentiometer is aligned to the joint axis and the 

arms are firmly attached to the adjacent segments. See 

Figure 2.2.3(a). Only saggital plane motion can be 

measured. Wright et al (1964)'had two potentiometers 
built into their electrogoniometer. It was used to 

measure the ankle and subtalar rotations. 

Johnston and Smidt (1969) developed a triaxial 

electrogoniometer, capable of measuring the saggital, 

coronal and transverse rotations about the hip joint. 

Three potentiometers were usedp each one being aligned 

and orientated in one of the three principal axes of 

motion. The proximal arm was firmly fixed to the proximal 

segment, while the distal arm was allowed to slide in and 

out of a metal collar attached to the distal segment. 

Thi! ý device was adapted by Kettelkamp et al (1970) to 

measure the three planes of motion about the knee. Errors 

due to "cross-talk" among the potentiometers were 

corrected by a4x4 matrix method applied to the linkage 

system, thao et al (1970). 

To overcome the cumbersome configuration of the 

original device, Chao (1977) introduced a modified 

version. Using miniatbre potentiometers (viz 12 mm 

diameter and 14 mm length), he was able to construct a 

much smaller and-lighter electrogon-iometric system, 

thereby minimizing inertial effects and are less 

obstructive. The device was applied to the hip, knee and 

ankle for on-line and real time joint motion measurement. 

Precise alignment is necessary, to prevent errors caused 
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by the difference between the Joint axes system and that 
of the goniomoter. A telemetry system is currently being 
designed to transmit data from the device thus eliminatý- 
ing the need of cables. 

Lamoreux (1971) designed and Constructed an 
exoskeletal system for the pelvis and the right leg. It 
was used to measure the relative rotations about the hip, 
knee and bnkle simultaneously. An external axes system 
was set up in the pelvic frame and was carefully aligned 
so that itsorigin is coincidental with the Centre of the 
hip joint. Parallelogram linkages, which only transmit 
two out of the three components of spatial motion 
(absorbing the third one), were used for the knee and 
ankle. Two such linkages were used at the ankle to 

record all the three angular displacements. The knee 
had one such linkage, therefore only two angular dis- 

placements (i. e. flexion-extension and axial rotation) 
can be measured. Due to the self-aligning feature of 
the parallelogram linkages, precise alignment of the 

apparatus is not crucial to accurate measurement. 
However, the exoskeleton seems to be very bulky and 
cumbersome and-the total weight of the whole assembly is 

approximately 6 lbs. These factors would undoubtedly 
affect the gait of thp subject. It would be very 
difficult, if not impossible, to apply this system to 

patien-ts. Furthermore, the tests were performed on a 
treadmill, which would also cause deviation of normal 
level walking gait pattern, Whittle (1980). 

Cousins (1975) designed a moulded pol'yurethane 
parallelogram chain used in conjunction with an electro- 
goniometer. This device is now commercially available. 
The parallelogram chain is conne . cted proximal to a 
triaxial. electrogoniameter. The self-aligning feature 
does not require exact alignment of the device. 
Continuous data recordings are stored in a small portable 
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cassette recorder worn by the subjectp hence, eliminating 
long and restrictive cables. 

Jansen and Orback (1980) examined the reliability 
and reproducibility of gait data measured with a planar 
electragoniometer. The device includes the Lamoreux's 

self-aligning parallelogram linkaqe and a sliding rod. 
They reported a standard deviation of 5% and 10% for the 
hip and knee respectively. Measurements were taken from 

only the saggi. tal plane and tests were performed on a 
treadmill. 

All the above systems described could at the most 
measure up to three degrees of freedomt i. e. assuming 
that all the joints are spherical or "ball and socket" 
type. However, some joints have six degrees of freedom; 

3 rotations and 3 translation. The sliding rod present 
in some of the devices could absorb only a ýmall magnitude 

of the translational movement. Hence, errors would 
inevitably be generated in the measuring system. 

Kinzel et al (1972) presented an instrumented link- 

age system with six poteniometers capable of measuring' 
the six degrees of freedom. This system was used in 

their study of the scppular-humerus joint of Alsatian 

dogs. See Figure 2.2.3(b). The lihkage system was 

anchored securely with pins inserted into the bonesq 

making exact measurement possible. ' However, for it to be 

viable for use in human subýjects, the anchoring method 
has to be non-invasive. Townsend et al (1977) presented 

a similar system to measure the total knee motion. 
Attachment of the linkage system to the body segments was 
by means of cuffs. The angular recordings from the six 

potentiometers generate the (3 x'3) transformation matrix 

which describes the motion totally. 

. 
The use of cuffs or belts to fasten the device to 
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the body segments gives rise to the problem of relative 

movement between the linkage system and the underlying 

skeletal structure. This is due to the interposition of 

soft-tissues and also muscular contraction. This 

undesirable movement would cause substantial error which 

may be more significant than the translational components 

of joint motion. This then defeats the purpose of 
having an accurate instrument such as those described by 

the two latter investigators. 

Another limitation of the electrogoniometric 
system described so far is that they are confined to the 
laboratory. Furthermore, the rigid mechanical linkages 

can be quite obstructive and could cause the subject to 

alter his gait pattern to adapt to the attachment. 

Johnson et al (1981) described a recent development 

called the flexible electrogoniometer. It is a mercury- 
in-rubber strain gauge, 200 mm long with 0.2 mm bore and 
0.5 mm outside diameter. Platinum wires (0.91 mm 
diameter) are used to seal the ends of the tubing. The 

-gauge is fixed to the anterior of the knee with its ends 
taped to the skin. The goniometer is prevented from 

slipping off by a sleeve, taped over the most prominent 

part of the patella. The goniometer has to be calibrated 
for each knee undergoing measuremeýt. It was observed 
that a -temperature change of 10 0C produced a'resistance 

change of 1%. Therefore, to obtain accurate measurement, 

some form of temperature compensation is required. The 

gauge is pre-stretched by 10'% during attachment to 

overcome the initial lengthening problem. This device 

has been used In conjunction with a 24 hours portable 

monitoring system. Normal cloth. ing. can be worn over the 

goniometer,. hence making it viable for recording outside 
the laboratory. 

Dewar et al (1981) developed a more complicated 
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flexible clectrogoniometer, which is capable of measuring 
the three components of rotation. It comprises a nylon 

rod 1 cm in diameter. The mid-section has a large number 
of pairs of slots cut across it, each pair leaving a web- 
hinge across the diameter. See Figure 2.2.3(c). These 

allow the section to be flexible to bending in any 
direction except axial rotation. Four equally spaced 
grooves around the circumference hold the mercury-in- 
rubber stiain gauges. Diametrically opposite pairs of 
gauges measure the two bending motions. One end of the 

goniomoter is free to rotate axially. That section has 

a reduced diameter, such that the gauges are no longer 
held by the grooves. Any axial rotation can be measured 
by the Increase in length of the gauges experiencing the 

spir'al action. One problem inherent in this method is 
the determination of the direction of the axial rotation. 
The authors are still in the process of refining the 

device and a search is going on to determine the best 

method of attaching it to the body segments. 

Flexible electrogoniometers seem to have the 

potential to replace the conventional ones. However, it 

is still in its infancy and more rigorous evaluation of 
the device is reouired to show its full potential. 

Grieve (1969) and Reed and Reynold (1969) intro- 

duced -a totally different type of goniometerg which makes 

use of polarised light. This device was termed "Polgon" 

by Grieve. A similar device was also developed at the 

Loughborough University of Technology in 1970, 
(Mitchelson, 1975). It consists of a polarised light 

generator that transmits light'of rotating planes of 

polarisation and transducers sensit-ive to this light, 

receiving it as sinusoidal signals. See Figure 2.2.3(d). 

A reference mark on the Polaroid disc is used to generate 

a reference pulse through the photocell. Passing the 

reference pulse and the sinusiodal signal into the 
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electronic circuit, the angular displacement is 

calculated. Although, angular velocity can be obtained 
by analogue processing of the angular displacement outputt 
the effects of "white noise" must be taken into careful 

consideration. The linearity of the system was cited as 

+0.1% over 1800 range. It was shown that significant 

output errors can arise from transducers undergoing two 

additional rotations In planes mutually perpendicular to 

the plane of interest. In order to minimise this errort 
the transducers have to be carefully positioned on the 

body segments, 

The goniometric systems described so far can only 

measure angular displacements between two adjacent 

segments. Therefore, they. cannot be used in conjunction 

with force platform for kinetic analysis of normal human 

subjects unless simultaneous recording of an inertial 

reference is made. However, a knee goniometer with a 

pylon force transducer (see Section 2.3.2) on a prosthetic 

shank is capable of performing a kinetic analysis 
on the artificial limb, as demonstrated by Lowe (1969). 

2.2.4 AccelerometEy 

Acceleration is. one of the most important parameters 
In gait analysis. Direct measurement of this quantity is 

possibie by means of accelerometers. - 

Liberson (1935) was perhaps the first to make use * 

of this technique in human locomotion study. He described 

" piezo-electric accelerometer that consisted of a mass, 

" quartz crystal and a spring system, see Figure 2.2.4(a). 

As the device underqoes acceleratiog, the inertial force 

due to the mass will apply pressure on the quartz. The 

electrical potential developed from the quartz will be 

proportional to the force, which is also proportional to 

the acceleration. The output is recorded on an 
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oscillograph but only linear acceleration can be measured. 

Eberhart and Inman (1947) reported the use of 
accelerometers to verify the numerical differentiation 
technique that was used to derive acceleration from 
displacement data of human locomotion. The procedure was 
described in detail by Ryker and Bartholomew (1951). 

Three linear accelerometers were used. The basic elements 
of theta accelerometers are a mass, a spring system and 
a damping systemp see Figure 2.2.4(b). The springs are 
In effect unbonded resistance wire strain gauges. 
Resistance changes occur when the mass, due to its own 
inertia, moves and thus strains the springs. This will 
cause an unbalance in the wheatstone bridqe, giving an 
electrical analogue output that is proportional to the 

acceleration. An individual linear accelerometer can only 

measure linear acceleration parallel to its sensitive 

axis. Howeverg by arranging two linear accelerometers in 

the same plane as shown in Figure 2.2.4(c), the angular 

acceleration can be obtained, which is proportional to 

the difference between the two linear accelerations. The 

third accelerometer Is positioned normal to the long axis 

of the shank at the estimated centre of combined mass of' 
the shank, foot and shoe. This will give the linear 

acceleration of the bQdy segment at the centre of mass, 

normal to the shank's long axis. The shortcomings of 
this system are : (1) the'excessive weight of the whole 
device, (2) relative movement of device and skeletal 

structure, due to cuff attachmentsp (3) the assumption 
that the shank moves in tbe saggital plane, thus ignoring 

the cross-sensitivity effects, and (4) the resultant 
linear acceleration of the shank cannot be directly 

determined. 

Cavagna et al (1961) introduced an accelerometric 

system for human locomotion study. Each accelerometer 

was cpnstructed of a plate (30 x5x0.1 mm), pivoted at 
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both ends with a mass clamped at the centre. Four foil 

strain gauges were firmly attachod to both sides of the 

mass an the two faces of the plate. The gauges were 
arranged into a full wheatstone bridge to measure the 

deflection of the plato. The mass can be varied 
according to the desired sensitivity. The whole setup 

was fairly light (about 50 grams) and relatively smallq 
I. e. 40 x 40 x 15 mm. The device was firmly attached to 
the back atthe lumbrasacral level of the spinal column; 
approximate'ly. at the centre of gravity of the body. The 
three linear accelerations obtained during walking 
enabled the investigators to calculate the instantaneous 

energy levels at the centre of gravity. 

Gage (1964) mounted a pair of strain-gauged 

accelerometers with their axes mutually perpendicular at 
the level of the second sacral vertebra. This enabled 
him to record the vertical and forward accelerations of 
the approximated centre of gravity of the body. At the 

same time, the angular acceleration of the shank was 

measured by another pair of accelerometers mounted in 

tandem on the leg, as per Ryker and Bartholomew (1951), 

see Figure 2.2.4(c). The author realised the restriction 
imposed by the use of cables and so proposed a telemetry 

system for future wor-k. Another problem faced by the 

author was the weight and inertia df the linear 

accelerometer platform. This caused over-shooting of the 

peaks and troughs producing erroneous results. Smaller 

instruments were suggested for future study. 

Morris (1973) introduced a mathematical model for 

a six-accelerometers system to define the complete move- 

ment of the body in space. The mat. hematical procedure 
begins by solving for the angular velocity vector, 
followed by the direction cosine matrix and subsequently 
the abs*olute acceleration vector of a body point. Double 

integration of the absolute acceleration vector will 

0 
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give the spatial position of that point. This now 

approach was applied to determine the kinematics of the 

shank. The author assumed that there isno transverse 

rotation of the shank and therefore developed a five- 

accelerometer system. Strain-gauged cantilever type 

accelerometers were usedp see Figure 2.2.4(d). The 

accelerometric platform was mounted over the flat antero- 
medial surface of the tibia and hold by means of a 
moulded "61astazote" cast and velero straps. Accelera- 
tion data can either be recorded on a portable cassette 
recorder or on a fixed recorder via light weight cables. 

Ishai (1975) described a six-accelerometer system 
taking into account the transverse rotation of the shank. 
The arrangement of the accelerometers on the platform is 

as -shown in Figure 2.2.4(e). The mathematical approach 

adopted was similar to that of Morrist except for the 

initial conditions. Morris considered the walking 

process to be cyclic and so marked off the beginning and 

end of a cycle visuallyt whereas, Ishai recorded zero 
initial conditions for the angular velocity vector during 

the standing position and took the direction cosine 

matrIx of the platform to bb coincident with the 

reference axes system. 

The accelerometric method has the advantage of 

providing direct analogue data without tedious reduction 

procedure and it eliminates the use of potentially 

erroneous differentiation techniques. Numerical inte- 

gration is much more exact. Outdoor recording is 

possible with the portable cassette recorder system, 

although drift could present problems. High precision 

accelerometers tend to be rather fragile, ah alternative 

would be to use low precision accelerometers. Padgaonkar 

et al (1975) presented a system using nine piezoelectric 

accelerometers instead of six to minimise error due to 

cross sensitivity of such accelerometers. However the 
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physical size and weight of this system present problems 
in attachment and produce possible errors due to its 

inertial effects. 

Several limitations are inherent in this method. 
The attachment of the device to the skin introduces noise 
and artifacts to the results, especially the soft tissues 

of the thigh. The instrument noisep drift and hardware 

errors can cause significant problems in the reliability 
and resolution of the data produced. The procedure used 
by Morris to obtain displacement data requires operator 
intervention to determine the constant of integration. 
Extending this approach to the whole body gait study 
would not only present hardware problems but an enormous 
amount of time would be spent in analysis. This would 
defeat. its purpose of being a direct and convenient 

method. 

2.2.5 Temporal/Distance Factors Recording System 

Walking is a highly repetitive activity, similar 

patterns of movement are repeated over and over again. 
The'basic element in this cyclic motion is the stride# 
that is the interval between two successive occurrences 

of any identifiable event on one of the legs (for 

example, left heel strike to left heel strike). The two 

main Ohases of walking, making up the strike are the 

stance phase and the swing phase. Another important 

parameter is the step, which is the interval between the 

occurrence of an identifiable event in the. cycle of one 
leg and the occurrence of the corresponding event on the 

other. Phases of walking are illustrated in Figure 

2.2.5(a). 

One simple and "crude" way of measuring these 

quantities is by taking footprints of the subject during 

walking. Shore (1980) suggested using "temporal" paint, 
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applied to the sole of the subject's feet and letting him 

walk over an unrolled paper. Stride and step length, 

base support and foot angle can be measured from the 

footprints. With a stopwatch, velocity and cadence were 

also derived. Although this method has the advantage of 
being very inexpensive, it does present certain problems. 
Walking on paper with painted soles would create a sense 

of insecurity, especially for pathological subjects. 
There is ýo way this technique can be on line to give 
immediate results. 

Numerous devices have been developed over the years 
to measure these parameters directly. They can be 

broadly classified under these two categories : 

a) Temporal/Distance Factors walkway (or Electro- 

basography) 

This class of measuring system has been described 

by Schwartz et al(1933), Drillis (1958), Smith et al(1960) 

and Chantinier et al (1970). 

- The typical features "of this system are as follows 

The walkway consi'sts of two long strips of conductive 

material affixed to the floor. Strips of pressure- 

sensitive conductive tape are fastened to the soles of 

the the subject's shoes. The power supply, recording 

device and the conductive strips are connected as shown 

in Figure 2.2.5(b). The conductive tape on the sole of 

the shoe acts as a switch. The interruption of the 

electrical circuit, as the feet step on and off the 

walkway during walking, facilitates the recording of the 

temporal factors. 

To determine the distance factors, a pair of 

photoelectric cells was positioned at a known distance 

apart. The disruption of the light source of the first 
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photoelectric cell as the subject walks past it, signals 
the start of recording and as the subject passes the second 
cell, the recording stops. Dividing the distance between 
the photoelectric cells by the number of strides(or steps) 
recorded, will give the stride length (or step length). 
Speed of walking and cadence (i. e. stops per min) can also 
be derived from the recorded parameters. 

One-problem associated with this method is the 
trailing wire attached to the subject. This could be 
irksome especially for pathological subjects. One way 
around it, is to have some kind of a telemetry system. 
However, Wall et al (1976) introduced an instrumented mat 
that does not require trailing wires from the foot. Only 

self. -adhesive conductive tape is applied to the sole of 
the subject's shoes. The mat consists of conducting rods 

set in-grooves which are connected between resistors. As 

the foot makes contact with the mat, the conductive tape 

shorts-out the rods. Since current flows through the 

path of least resistance, stance progression pattern can 
be detected. Wall et al (1978) coupled this device to 

a mini-computer to produce an automated on-line system. 

Gabel et al. (1979) developed an instrumented 

walkway that consists of flat linear pressure-sensitive 

parallel switches in multiples of sixteen to complement 

sixteen channel multiplexers. A walkway of 3.6 m long 

has 240 sensors. The subject is not required to wear any 

apparatus. The walkway is coupled to a micro-processor 

which computes thirteen temporal/distance parameters of 

gait and also the foot position. Audible tones relating 
to step length are used for gait training. 

Limitations-inherent in this ýnethod are : (I) tests 

can only be carried out in specified areas and (2) traces 

from the system alone may not be representative of non- 
typical temporal factors# especially for pathological 

subjects with no distinct pattern of walking. 
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b) Foot Switches 

The overview of existing gait laboratories 

presented by Milner (1977) shows a great number of 
laboratories having footswitches as part of their set up. 

I 
Most designs have only heel and toe contact switch 

switchesp Bajd and Kralj (1980). Some have an additional 
switch at mid-foot, Zuniga and Leavitt (1974). These 
devices are sufficient to acquire and record data an the 
temporal factors of walking. 

Perry et al (1978) and Blanc and Vadi (1981) 

presented a system with footswitches distributed underfoot 
to acquire information reg-arding time-space sequences 
which occur during stance phase. They also used telemetry 
to transmit footswitch signals. 

To determine the distance factors, the length 
traversed has to be defined. This is usually determined 
by a pair of photoelectric cells, as described previously. 
Bajd and Kralj used a pulley-disc with non-elastic card. 
The'cord is attached to the subject's trunk and as he 

walks away, the disc will rotate and the photoelectric 
cell or potentiometer records the number of rotations. 
Multiplication of this number by the circumference of the 
disc gives the distance travelled by the subject. 

One disadvantage of footswitches is that they could 

cause discomfort to the subject and hence alter his gait. 
To overcome this, Bontrager (1980) designed a very thin 

footswitch based on the membrane switch concept. Figure 

2.2.5(c) shows the cross-section of- the des ign that was 

claimed to have functioned satisfactorily. 

Instruments developed for measuring ground 
reactions, foot-floor contact pressure distribution and 
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prosthetic or orthotic loadings etc. have the capability 
to give temporal/distance factors as well. These devices 

are described in Section 2.3. Displacement data obtained 
through photographic methods could also be used to 
derive temporal/distance parameters, Murray et al (1964) 

and Grieve and Gear (1966). As a matter of factt all the 
kinematic recording systems described previously have the 

capability to produce these parameters. However, most 
of them would only give an approximate value and as such 
would not be as accurate as those produced directly. 

Another temporal/distance parameter that can be 

measured directly is the instantaneous forward velocity 

of the approximate position of the centre of gravity 
durin'g walking. Drillis (1958) was first to introduce 

the tachograph, see Figure 2.2.5(d). It consists of a 

small D. C. generator activated by the cable cord passing 

over the pulley coaxial with the rotor. The amplitude 

of the output signal is directly proportional to the 

instantaneous velocity of the subject's approximated 

centre of gravity. 

Ganguli and Mukerjee (1973) employed this technique 

as their clinical gait recording system, the only 
difference from that of Drillis was the recording device. 

An ECG recorder was used instead of the cathode-ray 

oscilloscope suggested by Drillis. The major problem 

experienced was in aligning the pulleys. Tibarewala et. 

al (1979) modified the system, using only three pulleys. 
They advocated that the instantaneous velocity is a 

vector and that the parameter measured is only a component 

of the velocity in the direction of progreýsion. They 

therefore introduced the term "Differential of 
Progressive Displacement" and subsequently described a 

sub-transducing system comprising of a disc with 

equidistant holes around the circumference to produce this 

parameter. The distance between two adjacent holes 
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divided by the corresponding time Interval of the two 

recorded pulses is the "Differential of Progressive 

Displacement". The output is in digital form. 

Mohen and Soon (1972) developed a slightly 
different type of device; instead of cable cord, a 
magnetic tape with pre-recorded pulses is used. The 

subject stretches the tape while it runs through the play 
back Kead. The frequency of the signals recorded is 
therefore proportional to the momentary walking speed of 
the subject. 

Bajd and Kralj (1980) presented analogue and digital 

versions of their instantaneous velocity measuring device. 

It basically comprised a thin light-weight non-elastic 
thread connected to the subject's trunk. For the analogue 

version, the thread drives the tachometer as the walking 

subject stretches it. The digital version has a toothed 

wheel and an optical transducer instead of the tachometer. 

The method of obtaining the instantaneous velocity is 

similar to that of Tibarewala et al. 

2.2.6 Ultrasonic Trackino System 

This technique utilises ultrasonic instrumentation 

to track fixed points on body segm; nts in space. Trans- 

ducers capable of producing ultrasonic pulses are 

positioned on anatomical features of interest. Three 

linear microphone sensors orientated orthogonally are 

used to receive the short ultrdsonic pulses. The transit 

time of each pulse provides distance measurements which 

are converted to X, Y and Z coordinates by trigonometric 

calculation. 

Finley et al (1972) reporteý on an installation of 

such a system. Sonic transducers were applied to both 

lower limbs with one set of three receivers on both sides 
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of the walkway. The system's accuracy was given as ' 

+0.5 cm at the centre of the 200 cm long measurement zone 
; 

nd +1.3 cm at its extremes. 

Freeborn (1980) described the development of an 

ultrasonic tracking system as an alternative to providing 
triaxial goniometric measurements. The system used is 

commercially available from Science Accessories 

Corporation, called the SAC Sonic Digitizer. The sonic 

microphone set consists of two vertical columns (240 cm 
apart) with two horizontal columns (60 cm apart) in 

between. Only one side of the body can be analysed at a 
time. The system was evaluated and an accuracy of 1.8 mm 

was claimed. 

One advantage with this system Is the direct 

acquisition of three dimensional spatial date free from 

parallax error. Chao (1978) claimed that this system can 

provide consistent readings within the range of 100 to 

40 0C in environmental temperature and an allowable 

variation of pressure and humidity within laboratory 

conditions. 
4 

For multiple transducers used within the same 

microphone sensing field, time multiplexing on the sonic 

waves is necessary in order to differentiate one trans- 

ducer signal from the others. However, such a time 

multiplex scheme Is restricted by the maximum sampling 
frequency of the microphone receivers. Chao (1980) 

quoted the maximum sampling rate to be 140 points per 

second. Extreme care has to be taken to make sure that 

the sensing area is free from sound reflecting objects, 

since reflecting sonic waves can cause substantial 
interference. 

In the application of ultrasonic instrumentation, 

the data retrieving field is usually restricted to the 
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sensing field. For the large sensing area required to 

accommodate gait analysisp the system is usually very 

expensive. Small sensing area has been used in the 

study of small joint movement. Youm. and Yoon (1979) in 

wrist kinematics and Brown (1981) in the study of finger 

movement. 

2.3. Load Measurement Study 

For a comprehensive analysis of human gait, a know- 
ledge of the applied forces and their effects is 

essential. The primary forces acting on the body during 

gait are the reaction between the foot and the ground. 
Several types of instrumentation have evolved to measure 
or deduce these quantities. The following briefly 

describes the development of the various types of devices 

that have been applied to human gait studies. 

2.3.1 Force Platform 

According to Milner (1977), the force platform is 

the most widely used ground-foot reaction measuring 
device. Typically, the platform is set in a walkwayp 

with its surface flush with the surrounding floor. As a 

subject walks along the walkway onto the load-sensitive 

platformg a record of the forces exerted is made. 

Historically, Amar (1916) was perhaps the first to 

have successfully constructed a force platform. This 

device was capable of recording the vertical, medio- 
lateral and backward force components. It consists of a 

platform supported by a lever arrangement of compression 

springs. See Figure 2.3.1(a). Deflection of the springs 

activates a hydraulic system which operates a rotating 

drum chart recorder. The device was principally used to 

study lower limb amputee locomotion, with a view to 

improving the design of artificial limbs. 
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Elftman (1938) designed a mechanical force platform 
that could measure the three mutually orthogonal force 

components. The device consists of a top plate separated 
from the bottom plate by ball bearings and restrained 
from side movements by springs. The deflection of these 

springs measures the horizontal force components. The 

bottom plate was supported by compression springs and the 

deflection of these measures the vertical force component. 
A machani6al lover system amplified the displacements 

which were recorded on high speed cine films. 

These early force platforms however undergo 

significant displacement during application. This 

dynamic behaviour would undoubtedly distort the normal 

gait pattern. 

Cunningham and Brown (1952) described a force 

platform that was developed at the University of 
California in connection with fundamental research in 

human locomotion (1947). It consists of a cast aluminium 

rectangular top plate supported at each corner by tubular 

aluminium columns an a steel rectangular base plate. The 

columns were strain 'gauged. to give outputs capable of 

generatinq the three mutually orthogonal forces and 

moments about the three perpendicular axes through the 

centre of the top plate, see Figure 2.3.1(b). This was 
the first electronic force platform and one that could 

produce satisfactorily all the six ground reaction 

components judged by present day standards. The natural 

frequency of the device was given as 105Hz for shear and 

140 Hz for torsion. The excessive horizontal plane 

vibrations were reduced by a viscous damping system. No 

information was given on the amount of "cross-talk" 

between channels, which is inherent in this type of 

measuring system. 

Paul (1967) developed a similar force platform to 
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that of Cunningham and Brown, modifying the physical 
dimensions and strain gauging circuity. This force 

platform had a transverse natural frequency of 56 Hz and 
the vertical natural frequency was claimed to occur at 
260 Hz. Small "cross-talk" was found during calibration 

of the force plate. This was corrected in subsequent 

calculations. 

Kirkpatrick at al (1969) also presented a force 

platform with top and bottom plates separated by strain 
gauged columns at each corner. However, the top plate 
was not rigidly fixed to the columnsp ball-vee-groove 
Joints being used for the connection instead. Natural 
frequencies for the vertical and horizontal vibrations 

were quoted as 161OHz and 38 Hz respectively. No damping 

system was incorporated in the devicep instead an 

analogue low pass filter was used to eliminate the noise. 
No information on the "cross-talk" effect was given. 

An alternative to strain gauging is the use of 

piezoelectric-effects. There are many advantages in 

adapting this alternative, the most important of these 

being the high rigidity, high sensitivity, high natural 
frequency and low cross-sensitivity of piezoelectric 

crystals. 

Lauru (1957) developed a triangular force platform 

using piezoelectric transducers. The device could only 

measure the three orthogonal force components. The force 

platform was principally used in the physiological study 

of industrial workers, cited in Brouha (1960). Details 

of constructions and technical information of the 

platform were not discussed. 

More recently, a commercially available force 

platform, with piezoelectric transducers, was marketed by 

Kistler Instrument AG of Switzerland (1975). It consists 
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of four 3-component force quartz transducers sandwiched 
between a cast aluminium rectangular top plate and a 
base plate, see Figure 2.3.1(c). The device together 

with associated change and summing amplifiersp can 

produce all the six ground reaction components. The 

manufacturer claims that the force plate platform (type 

9261A) has an all round minimum natural frequency of 

greater than 200 Hz with maximum "cross-talk" of less 
than 3%. 

McLeish and Arnold (1972) and Cohen et al (1980) 

developed force plates of the suspended type. Cohen and 
his associates employed seven strain gauged steel strips 

pre-tensioned to suspend an inner plate from an outer 

support frame. Three of these transducers were used to 

measure the vertical load, while the remaining four were 

used to measure the horizontal forces. These seven 

outputs, together with the associated electronics, 

generate the three orthogonal forces, the two coordinates 

of the centre of pressure and the moment about the axis 

normal to the plate. The natural frequency was given as 

approximately 70 Hz and very low "cross-talk" was claimed, 

although no values were given. The force plate has to be 

continually calibrated prior to any measurement and the 

calibration procedure assumes that there is no "cross- 

talk" between each of the seven channels. No mention was 

made of the possible errors of this assumption. 

Sing'le-step force platforms i. e. all of those 

described so farv have the disadvantage that only one 
foot-ground contact can be studied at a time. Although 

several of these placed In succession would be a 

possibility in studying several steps, howe ver making 

-contacts with all of them would be difficult. 

Skorecki (1966) described a two-track force 

platform of 3.3 metres long. Each platform was supported 
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by two tubular columns near each end. Associated with 

each column was the elastic element and damping system. 
The small displacement of the elastic element was 

amplified by an optical system. Only the vertical 

component of force exerted by the feet was recorded. The 

natural frequency of the force platform was claimed to be 

85 Hz. Rydell (1966) also described a similar deviceg 

however the measurement was done electrically by 'Bofors' 

force'cells. The force platform was also capable of 

measuring the longitudinal shear force. 

Wirta et al (1970) presented a much shorter two- 

track force platform (0.3 x 1.5 m). It could measure the 

three orthogonal force components. The strain qauge 

suspension type af concept was used in recording these 

parameters. No information was given with regard to 

calibrationt alignment of the transducers, minimum 

natural frequency and "cross talk" effects. 

Although two track force platforms have the 

advantage of accommodating several successive strides 

. during testing, they are limited to measuring, at the 

most, only the three force components, which is not 

sufficient for comprehensive kinetic analysis. Moreovert 

the subject is constrained to walk with feet astride to 

avoid landing on the contralateral side, and this may 

cause the subject to adopt an unnatural gait pattern. 

An essential criterion in force platform design is 

the frequency response of the tystem. For accurate 

measurementp the force platform must have a minimum 

natural frequency higher than all the applied frequencies. 

Skorecki (1966) suggested that only low frequency 

components of below 15 to 20 Hz are present in walkingg 

althoughgCrowninshield and Brand (1978) claimed that 

significant components of the floor reaction force are in 

the frequency range of 0- 50 Hz, while minor components 
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may be recorded up to 100 Hz or more. Simon et al (1981) 

reported the existence of high frequency impulsive loads 

at heel strike - 75 Hz without shoes. The remainder of 
the force trace had frequency components of 1 10 11z. 
Force platforms with resonant frequency of 100 200 Hz 

were regarded to be adequate for providing accurate 
measurement. 

2.3.2 Pylon Force Transducer 

This is a load-measuring device incorporated in the 

shank of an artificial legP to provide direct measurement 

of the loadings within the leg. 

Cunningham and Brown (1952) designed and con- 

structed the first pylon force transducer. It consisted 

of an aluminium tube 316 mm long, 38 mm outside diameter 

with a wall thickness of 1.24 mm. It was strain-gauged 
to measure the axial load, medio-lateral and fore-aft 

shear, medio-lateral and fore-aft bending moments and 
torque about the shank axis, see Figure 2.3.2(a). 

Tranýverse shear was obtained from the difference 

in bending moments measured at two levels on the pylon. 
For higher shear force sensitivity, the two levels of 

gauges had to be as far apart as possible. The axial 
load was measured by four gauges positioned 900 apart 

around the circumference of the tube. Two torque gauges 

were located diametrically opposite each other, both 

orientated at 45 0 to the principal axis of the pylon, in 

order to measure the principal strain due to torsion. 

No mention was made of the amount of ncross-talk" present 
in the transducer and whether this affect was considered 
during calibration. 

This particular device was not used widely because 

it was too long. It could only be fitted onto the shank 
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of some abova-knee and higher level prostheses with a 
fairly small knee mechanism. 

Lowe (1969) built a similar strain gaug? d pylon to 

that of Cunningham and Brown. Tho only modification was 
in the length, decreasing from 316 mm to 114 mm. This 

reduction was made at the expense of lowering the shear 
force accuracy. However, the compromise was necessary to 

enable the transducer to be applied to most above-knee 

prostheses, including some of the below-knee types. 

"Cross-talk" between channels was accounted for in the 

calibration calculations. 

Berme et al (1976) reported on an even shorter 

pylon transducer. The basic feature of the device is as 

shown in Figure 2.3.2(b). The reduction in length was 

made possible by measuring the shear force directly from 

two shear strain gauges. These two gauges were 

positioned in a similar fashion to that of the torque 

gauges (described previously) but the circuitry is 

different, see Figure 2.3.2(c). All other parameters 

were measured using the same design as Cunningham and 
Broýjn. Small "cross-talk" between channels was observed 

when calibrating the pylon, but this was accounted for in 

subsequent calculations. This pylon transducer has been 

used successfully in all prostheses fitted to below- 

knee imputee and to higher levels of, amputation. 

One inherent limitation is that the transducer can 

only be applied to the prosthetic leg. For simultaneous 

contralateral recording, an alternative recording device 

has to be offered to the sound leg. The major advantages 

of the pylon transducer are the ; qbility to measure 
loadings directly and that the recording of parameters 
is not restricted to the walkway. Lovely (1981) 

developed a portable recording device capable of 

registering all the six components of loading continuously 
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for one hour. This development eliminates the cumbersome 
trailing cables and allows outdoor recording to be 

carried out. 

2.3.3 Footwear with Force Transducers 

Footwear mounted with force transducers is an 

alternative method in measuring the forces exerted by the 

foot on the ground. It has the advantage of measuring 
the foot forces continuously, without the subject being 

restricted to a walkpath. 

0 
Carlet (1872) reported one of the very first 

efforts to record the ground foot reaction during gait. 
Air chambers attached to the sole of the shoo were 

utilised for the purpose. The pneumatic pressure 

generated by the compressed air during stance was 

registered on 4 hand hold recorder, see Figure 2.3.3(a). 

Schwartz and Heath (1947) were among the first to 

attach pressure transducers to the sole of the foot, In 

order to measure the forces exerted inside the shoe. The 

pressure teansducers were positioned on the first, third 

and fifth metatarsal headsq medial and lateral heel and 
the big toe. 

Holden and Muncey (1953) modified a shoe to hold a 

capacitance pressure transducer in the heel and also used 

transducers 3 mm thick for pressure recordings at other 

sites, between the foot and shoe (viz the ball of the 

foot and big toe). 

Pressure transducers are useful for measuring 

pressure on those areas of the sole which are of 

particular interest. However, it Is possible that the 

presence of the transducers on the sole may change the 

pressure they are trying to measure. Furthermore, these 
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transducers are not designed to record the total foot 

force. 

Hargreaves and Scales (197S)-reportod on a load 

measuring sandal with a force transducer in the heol. 
They found that the device was electronically unbalance 
and that its flat sole led to unnatural gait patterns, 
hence, a completely now transducer was developed. It 

replaced the insole of a sports shoe. Detailed con- 

struction of the device was not given. The telemetric 
transmitter and battery unit were housed in pockets on 
the side of the shoe. Only the vertical force component 

was measured. 

Spolek et al (1975) designed an Instrumented shoe 

with force transducers attached to the heel and fore-foot. 

This device was also reported by Spolek and Lippert(1976). 

Each transducer. consisted of a strain-gouged "cross" beam 

supported at its four ends to the base plate, see Figure 

2.3.3(b). Loads are applied to the centre of the cross, 

causing the beam to bendt thereby producing strains which 

are proportional to the loading. The device measures all 
the orthogonal components of force and moment acting at 
the heel and fore-foott as shown in Figure 2.3.3(c). 

Incorporated in the instrument was an electrogoniometric 

system which measures the relative angles between the 

heelp forefoot and the shank. From this informationt the 

forces and moments acting on the shank were calculated. 
The authors claimed that the ncross-talk" between 

channels is negligible. 

Another design of a force measuring shoe was 

presented by Kljajic and Trnkoczy (1977). It consisted 

of eight strain-gauged cantilever transducers built into 

the sole of a-specially made leather shoe, see Figure 

2.3.3(d). The transducers however can only measure the 

vertical and horizontal forces. It was reported that a 
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linearity of 2% can be achieved when measuring vertical 
forces of up to 100ON and that "cross-talk" with the 
horizontal force was at the most 6%. From the output 

signals, it was possible to obtain the position of the 

centra of pressure. 

Miyazaki and Iwakura (1978) designed and con- 
structed a transducer which can be strapped to any shoo. 
It consisted of a stainless-steel rectangular plate with 
two supports attached to the lower surface of the plate 
at each end, see Figure 2.3.3(e). Strain gauges were 

positioned at the centre of the plate to measure the 

vertical forces during loading. Two such transducer 

units were fitted to each shoe; one fastened to the sole 

at the metatarsal region and the other to the heel. It 

was claimed that the error in measurement is well within 
10% of full scale for cadence under 110 steps/min. 

Although this type of instrumentation has the 

advantage of being a portable load measuring devicep 

current designs are still not satisfactory. Those that 

can record all the six components of ground reaction are 
too bulky and heavy while others that are relatively thin 

and light can only measure two force components. 

2.3.4 Foot-Force Distribution Recoýder 

This type of device does not measure the forces and 

moments exerted on the floor by the foot. However, it 

does produce foot force distribution pattern either with 
the subject standing still on the device, or dynamically 

as the subject walks over it. The primary purpose of 
the device is to 

- 
examine barefoot weight bearing patterns. 

Numerous devices have been developed over the years to 

perform such recordings. The following is a review of 

some of these devices. 
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Elftman (1934) carried out a survey of the earlier 

methods used in recording foot-force distribution. It 

included the use of plaster of Paris by Beely (1882) and 

soil by Momburg (1908)9 these methods were very 

unsatisfactory. More accurate methods were also cited, 

such as that of Abramson (1926), who used a lead plate 

over steel shot p Forstell's (1925) suspended wire not 

over an ink pad and Basler's (1926) harp-like machine 
that prod6ced vibrations when set in motion by a walking 

subject. He also described a Kinetogra7ph, which was 
developed by Morton (1930). It consists of a rubber mat 

with corrugated top surfaces. The mat was covered with 

an inked fabric and a sheet of paper. As the subject 

walked on the devicep it caused the corrugations to 

deform and widen the ink impression, thus giving a 

measure of the degree of pressure exerted by the foot 

during walking. Elftman presented a similar type of 

device; in place of the ink fabric and paper, a heavy 

glass plate was used. By means of cinephotography, a 

permanent record of the foot-force distribution was 

possible. 

Miurd et al (1974) modified the barograph described 

by Elftman. Light was introduced into the glass plate 
from the side by fluorescent lamps. A colour densitometer 

was incorporated into the system to produce the foot 

pressure distribution contours in colour. A 35 mm cine- 

camera operating at 50 frames per second was used to 

photograph the event. 

d, 

Chadera and Lord (1978) described the pedobarograph 

which was developed by Chodera in the late 1950s. It 

consists of a transparent plate capable of tonducting 

light by internaf reflection and . is covered by an elastic 
foil with fine surface texture. When load is applied to 

the foil, contact is made with the surface of the plate, 

which produces a series of light reflections to map out 
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the contours of the foot pressure distributiono see 
Figure 2.3.4(a). Currently, they are using an on-line 
television system equipped with a colour monitor to 

record the pressure distribution. Their latest version 

also includes four vertical load cells mounted onto the 

plate to provide further on-line informationo such as 
(1) the body weight and both A/P and M/L balance, and 
(2) the vertical projection of the centre of gravity. 
The authors claimed that this device could be used for 

studying the alignment of prostheses on lower. limb 

amputees amongst other applications. 

Foot-force distribution patterns can give useful 

information regarding the concentration of loads on 

various part of the sole. In order, to relate high 

pressur 'e 
experienced by the sole during locomotion to 

other parts of the body, both kinematic and kinetic 

information is required. Therefore, a combination of 

multicomponent force plate and a foot-force distribution 

recorder is highly desirable. 

Grundy et al (1975) presented a strain-gauged force 

plate with 'a glass surface on which grid wires were 

marked for simultbneous filming of the foot-floor 

interface and subsequent contact area determination. 

Cohen et al (1980) and Kistler (Type 9863) have in their 

force plate design, the capacity to Interchange the 

contacting surface from metal to glass. These glass top 

force plates enable the position of the contacting foot 

on the plate to be recorded. The recording. can either be 

made by photography or T. V. camera and then superimposed 

onto the calculated centre of pressure pathway. 

An electronic foot-floor contact area transducer 

was developed by Draganich et al (1980). The area 

transducer consists of a matrix of switches, defined by 

the intersection of strips of berythium copper (X-lines) 
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and rows of aluminium rivets(Y-lines). Force applied at 
the intersection of an X and Y line element caused them 

to make contact. The device was placed over a Kistler 

force platform and connected to a mini-computer. The 

system was capable of measuring foot-floor contact areasp 

average contact pressureq speed of the centre of 

pressure and the resultant force. The transducer was 

found to be reliable for applied pressure. above 14N/cm 2 

this beind possible due to the stiffness of the silicon 

rubber rods that separate the X-line copper strips. The 

stiffness has to be carefully selectedp so that it does 

not provide a "spongy" contact which may alter the 

subject's natural gait. There was no mention made of the 

overall thickness of the contact area transducer or 

whether its top surface was. flush with the surrounding 
floor. 

2.4 Normal Gait Studies 

This section attempts to review human-locomotion 

data pertaining to normal male subjects. It is by no 

means a comprehensive survey, nevertheless it Intends to 

cover the majority of the gait parameters obtainable 
through the analytical emethods already described. 

2.4.1 Kinematic Data 

The earliest form of presentation of kinematic data 

was the "stick diagram", see Figure 2.3.1(a). This can 
be produced directly using the interrupted light 

photographic technique. Other methods of data acquisi- 
tion require the coordinates of the hip, knee and ankle 
joints in the saggittal plane to. be obtained*. Any one 

of the optoelectric techniques coupled with a high speed 

mini-computer can give an on-line "animated" reproduction 

of the "stick diagram". This method of presentation is 

particularly useful in providing a quick and simple 
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assessment on the "smoothness" of the gait. The 

superimposition of force vectors on a stick diagram can 
also provide a useful technique for gait analysis. 
Further discussion of this can be found in tho next 

section. 

The extensive research carried out during the 

period 1945-1947 at the University of California, 

Berkeley (UC-BL) produced important information regard- 
ing human locomotion. A summary of their findings was 

reported by Eberhart et al (1954). 

Figures 2.4.1(b) and (c) show the vertical and 
fore-aft displacements of the joints in the lower 

extremity respectively. Time derivatives of these data 

were obtained by a grapho-numerical differentiation 

technique reported by Felkel (1951). It was found that 

the acceleration and deceleration of the foot was very 
large at the beginning and end of swing phase respec- 
tively; approximately four times the gravitational 

acceleration (g). Figure 2.4.1(d) shows the angular 
displacements of the joints in the saggittal plane. It 

was observed that the rapid flexion of the hip and knee 

at the beginning of swing was to give adequate toe 

clearance. It was suggested that the knee flexion 

immediately after heel strike was to absorb the shock 

of the body-weight passing onto the leg. 

Lirlear medio-lateral displacement of the joints 

is as shown in Figure 2.4.1(e). The magnitude of these 

displacements is very small but they play an important 

part in adjusting the body to the line of weight bearing 

and the maintenance on balance. Figure 2.4.1(f) shows 
the angular displacement of the lower extremity body 

segments in the frontal plane. The pelvic rotation (or 

tilt) in this plane is an important factor In maintaining 

a "smooth" progression. Since the pelvis tilts down to 
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the swing sidot this motion has to be opposed to avoid 

stubbing the too of the swinging foot* This is normally 
done by the abductor muscles of the stance leg. 

Axial rotations of the log segments were determined 

by the technique of inserting pins into the bones. 

Figure 2.4.1(g) shows the axial rotations occurring in 

the pelvis# femur and tibia while Figure 2.4.1(h) gives 
the relative rotation of adjacent segments. It was 

observed that the directions of rotation and their phase 

of occurrence are the same for all the three limb segmen 

segments. The summation of these rotations gives an 

overall limb rotation of an average of 230. During foot- 

ground contact, these rotations are absorbed in the 

joints of the foot and are related in a very complex way 

to the function of Its arches. 

They concluded from these data that locomotion in 

its essential features is a series of displacements in 

the saggittal plane accompanied by displacements in the 

frontal plane, as well as axial rotations of the leg 

segments. 

Murray et al (1964) investigated the walking 

patterns of normal men; altogether sixty subjects in five 

age groups (between 20 and 65 years) were selected. Each 

age group consists of four tall subjects, four short and 

four of medium height. The test was performed with 

subjects walking at their own natural speed or cadence. 

Temporal/distance factors obtained from the study 

did not relate systematically with age. However, older 

subjects (60 to 65 years) took shorter steps and strides 

and showed a greater degree of toe-out than younger 

subjects. The only parameters that related systematically 

with height were the stop and stride lengths, viz tall 

subjects took the longest steps and strides, while short 
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subjects took the shortest. Mean values of all the 

parameters obtained are presented in figure 2.4.1(1). 

The angular displacements oi the pelvis, hipt knee 

and ankle 
* 
in the saggittal plane were obtained. These 

excursions did not vary systematically with height or 
age. It was observed that hip extension during 

walking appears to approach the limit of motion 
anatomically available. The mean values of all the 

parameters obtained were similar to those of Eberhart and 
his associates (1954). 

Transverse rotations of the pelvis and thorax were 

also analysed. Figures 2.4.1(j) and (k) show the 

rotations with respect to age and height, respectively. 
Differences in the pattern of rotations do not vary 

systematically with age or height. Pronounced individual 

differences in-the relationship between pelvic and 
thoracic rotations were observed. Furthermore, in some 

of the subjects there was an absence of pel-vic rotation. 
It was suggested that these variations meant that pelvic 

and thoracic rotation are optional movements in normal. 

gaitp which are dependent an the speed of walking and the 

type of footwear. 

When pelvic rotation occurs it is always accompanied 
by the concurrent and opposite rotation of the thorax# 

which is supposed to provide a damping effect to reduce 
the magnitude of the overall rotation of the body and 

also to give a smoother walking pattern. The rotation 

of the thorax was observed to be closely related to the 

arm swing which typically finds the right arm advancing 

with the left lower extremity and vice versa. 

Grieve and Gear (1966) reported that the time- 

distance parameters in gait are dependent on the speed of 

walking. This fact has been substantiated by other 
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researchersp like Chantinier at al (1970) Lamoreux (1971) 

and Rosenrot at al (1980). Grieve (1968) presented two 

equations, one relating the number of complete cycles per 
second to the relative speed and the other relating swing 
time to cycle time and stature. Each Individual can be 

characterised by the value of three constants from these 
two equations. Grieve also presented a method of plotting 
joint anglesp known as "angle-angle" diagram, see Figure 
2.4.1(1), In this, the angle at one joint is plotted 
against the corresponding angle of another. 

The speed of walking has also been shown to 
influence the angular displacement of limb segments, 
Murray et al(1966). This inevitably effects the corres- 
ponding angular velocities and accelerations, Lamoreux 
(1971). Figure 2.4.1(m) shows the angular displacementst 

velocities and accelerations of the hip, knee and ankle 
in the saggittal plane obtained from six different speeds 
of walking (from 0.8 to 2.0 m/s). The associated step 
length/cadence relationship is also presented. 

Other kinematic data that have been shown to be 

dependent 6n the speed of walking are the linear 
displacements of the headq shoulder and pelvis. A recent 
study by Cappozzo (1981) demonstrated these variations, 
see Figure 2.4.1(n). It was observed that along the 

antero-posterior axis, the excursions about the mean 
position of the head and shoulder are smaller than those 

of the pelvis point. Along the medio-lateral axis, the 

contrary applies, the more so the higher the speed of 
progression. The vertical excursions at the three con- 

sidered levels were almost identical. They increase as 
speed augments to about 2.4 m. /s. A. t higher speeds, these 

excursions decrease considerably. 

This method of presentation of linear displacements 

of the head and trunk was first used by Braune and 
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Fischer (1895). Lamoreux (1971) also used this method 
of presentation for the linear displacements of the 

pelvis from six fdifferont speeds of walking; the results 
were similar to those obtained by Cappozzo. This 

graphical display of the linear displacement was termed 

as I'Lissajous" figures by Cappozzo (1981). 

Harmonic analysis-has also boon used in the 

analysis of kinematic data. Gage (1954) presented 
harmonic analysis of the vertical and fore-aft accelera- 
tion of the trunk during level walking of six normals 
and nine amputees. It was found that the mean frequency 

spectra in the vertical and fore-aft directions were 

similar for both test groups and that they were 
, 

dependent only an the walking pattern of the subjects. 
Reproducability of the spectra from subject to subject on 

several runs for the same mode of walking was claimed to 

be possible. It was also concluded that the higher even- 
harmonic values in normal subjects indicated a greater 
degree of symmetry of gait. The rapid convergence of 
the spectra provided a measure of smoothness of walking 

pattern, ' thus indicating the lack of smoothness in the 

walking pattern of the amputee, see Figure 2.4.1(o). 

Cappozzo (1981) performed harmonic analysis on the 

linear displacements of the head and trunk along its 

three directions. It was found that vertical and fore- 

aft displacements demonstrated significantly higher even- 
harmonic values, whereas the medio-lateral displacement 

exhibited odd-order harmonics. No reason was given for 

the difference. 

2.4.2 Foot-Ground Reaction Data 

The foot-ground reaction data considered in this 

section will only be those measured from force platforms. 
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Cunningham. (1950) presented ground reaction data 

of normal subjects and below- and above-knee amputees 
performing activities such as level walkingt up and down 

stairst up and down ramp. Figure 2.4.2(a) shows an 

envelope of ground reactions on the foot of ten normal 
subjects during level walking. This "subject to subject". 
variation was also present in other groups of subjects. 
Another variatignt which is important to note, is the 
"step to step" variation that exists even within a 
particular subject# see Figure 2.4.2(b). The envelope 
of this variation and the width of the band is constant. 
These variations were attributed to the cadence and the 

ratio of the leg length to stride length. It was 

emphasised that these parameters have to be eliminated 
before any comparison and/or averaging of the force 

curves can be performed. It must be noted that positive 
lateral shear is from right to left and that positive 
torque is in the direction of medial rotation. 

Jacobs et al (1972) analysed the vertical component 

of the ground-foot reactions in normal and pathological 

gait using the force platform system described by 

Skorecki (1966). Harmonic analysis was performed on the 

vertical force waveform. For normal subjects, the 

authors found that it was possible to generalise the 

waveform and its harmonic spectrum. However, it was 

also noticed that there were changes in the frequency 

content due to the differences in the inertial con- 
tribution at different walking speeds. 

Andriacchi et al (1977) investigated the relation- 

ship between ground reaction forces and walking speed. 
The waveforms of the lateralt fore-aft and vertical force 

were characterised by 9 amplitudesq see Figure 2.4.2(c). 

The figure also shows all the normalised force amplitude- 

velocity relationships obtained from 17 normal subjects. 
A linear polynomial regression method was used to 
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Figure 2.4.2. (d). Superimposing of force 
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describe the relationship. It was observed that tho 

force-amplitudes Z l' Z2' Z31 Y21 Y3 and X, vary linearly 

with velocity. In conclusionj the authors stressed the 

need for characterisation of gait measurements in 

relation to walking speed and that the method they used 

was adequate to provide accurate and reproducible normal 

gait data. 

Vector representation of the ground reaction 
forces was first introduced by Elftman (1939). The 

method involves the generation of a force vector from 

two components, often the vertical and fore-aft ground 

reaction forces at the point of application (viz the 

centre of pressure). Cappozzo et al (1974), Baccardi 

et al (1977) and Pedotti (1977) used this method of 

presentation of ground reactions as a gait analysis 

procedure. The force vector (or "Butterfly") diagram was 

obtained in real time at relatively low instrumentation 

cost, and it was claimed that the method provided an 

efficient description of human gait. 

An extension of force vector representation would 
be to superimpose the position of the ankle, knee and 
hip joint centres in relation to the force vectorg see 
Figure 2.4.2(d). Cook et al (1979) developed a system 

which could produce a real-time visualisation of the 

ground reaction force vector superimposed onto an image 

of the subject. Figure 2.4.2(e) shows a schematic 
diagram of the system , 

The force platforms system was 

similar to that described by Wirta et al (1970). The 

resonant frequencies in the vertical and horizontal 

directions were given as 55 Hz and 75 Hz respectively. 
The "cross-talk" effects on the horizontal forces 

measured was claimed to be 0.4%s, The resolution was 

quoted as 1: 700 for the vertical and 1: 50 for the 

horizontal forces. The force vector display signal 
from the force platform output was generated by an 
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analogue signal processor. A lasor beam was made to 

represent the force vector, It was deflected by an X-Y 

mirror scanning system and projected onto a screen. A 

beam splitter was used to view simUltaneously the walking 

subject and the force vector display. Direct viewing 
through the beam splitter allows on line assessment of 

gait in real time. However, a permanent record of the 

display is only possible by the use of a photographic 

method. 

Tait and Rose (1979) presented a system which 

could produce a force vector superimposed instantaneously 

on a television picture of the subject by electronically 

processing the video signal. A Kistler force platform 
(type 9621-A) was used to provide the ground reaction 
forces and the centre of pressure in analogue form, which 

were synthesised to give a "line" on the television 

screep. This ". line" correspond to the force vector and 

was generated by dots on each successive television line. 

The position of the dot was computed by analogue arith- 

metic sequences which were controlled digitally. 

Figure 2.4.2(f) shows the block diagram of the video 

vector generabor. 

2.4.3 Interseqmental Joint Forces and Moments 

For a complete understanding and description of the 

behaviour ofthe 
-_ 

human leg in walkings a knowledge of the 

forces and moments at the joints is essential. To 

determine these quantities, a physical model of gait has 

to be set up. In it, the human leg is modelled as three 

"rigid" body segments (viz foot, shank and thigh) moving 

in space in accordance with Newtonian Laws of motion. 

Three fundamental quantities are required to solve the 

model, they are (1) kinematic information on the leg, 

(2) the physical properties of the body segments and 
(3) the foot-ground reaction forces. 
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Bresler and Frankel (1950) were perhaps the first 
to perform a three-dimensional analysis of the leg by 

calculating the joint forces and moments of the hip, 
knee and ankle in their three principal axes. Kinematic 
data were obtained through cinematography and the 

physical properties of the body segments were calculated 
from Braune and Fisher's coefficients of body segment 

parameters. Foot-ground reaction forces wore measured by 

using the force platform developed by Cunningham and 
Brown (1952). Analysis was conducted on the left leg of 
the subject only, altogether four normal male subjects 

were used. Figure 2.4.3(a) shows the free body diagram 

of the left leg and also the joint forces and moments at 
the hipq knee and ankle of one subject. It was noted 
that'the differences between forces at the hip, knee and 

ankle joints indicate the effect of gravity and mass 
inertia of the segment distal to these joints. 

Paul (1967) and Morrison (1967) used a similar 

method of data acquisition to that of Gresler and Frankel, 

to obtain the forces and moments acting at the hip and 
knee joint respectively. Results were presented from 

analyses performed on 18 test runs of three female and 
ten male normal slubjects. Figure 2.4.3(b) shows the 

summary curves for the hip moments about two orthogonal 

axes obtained from ten normal male subjects. The curves 

correspond to walking speeds between 5 and 7.5 km/hr. 

Results from Bresler and Frankel for four male subjects 

compare fairly well as far as the pattern of the curves 

was concerned. However, the magnitude of the data was 

significantly different. This was attributed to the 

difference in. walking speed and the body weight. Paul 
(1971) presented summary curves of the knee'and ankle 

moments in the saggittal plane calculated by Morrison 

and Paul respectively. Data from Bresler and Frankel 

were also superimposed onto the curves, as shown in 

Figure 2.4.3 (c). Similar differences were also observed 
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in these curves obtained by the two investigations, 

Paul (1970) reported the effect of walking speed on 
the force actions transmitted at ihe hip and knee joints. 

It was concluded that for normal subjects the loading of 
body components and the amount of muscular effort 
required corresponds to the body weight and stride length 
(walking speed) of the individual. 

2.5 Energy Measurement 

Two different methods have been considered for 

determining energy expenditure during walking. One 

method considers the total energy cost of walking by 

relating it to the net metabolic energy expended by the 

body. This method will be referred to as the metabolic 

rate method. The other method considers only the 

mechanical work during the process of walking, that is 

the mechanical energy level produced In kinematics and 
the mechanical work done due to kinetics during loco- 

motion. This method will be referred to as the 

mechanical work method. 

2.5.1 Metabolic Rate_Method, 

There is no direct method available to measure the 

net metabolic energy expended by the body during loco- 

motion or any other activities. Several types of 

physiological measurements have been utilised to measure 
this quantity indirectly. 

A literature survey of these measurement techniquest 

the control of experimental protocol and the up-to-date 

measuring equipment available was presented by Garton 
(1979). This survey included findings of research work 
in this area over the last forty years with the aim of 
determining the best measurement techniques for use with 
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disabled people. It was found that parameters involving 

respiratory function and heart rate have correlations 

with energy expenditure. However, they are not necessary 
linearp they vary between individuals. and are also 

effected by extraneous and sometimes uncontrollable 
influences. 

Anal. ysis of expired gas was regarded to be the most 

reliable technique in the surveyt one that is least 

affected by extraneous and uncontrollable influences, 

although stringent control of the experimental protocol 
is essential to avoid inconsistent and unmeaningful 

results. Other problems associated with this technique 

are the cumbersome facial attachments together with the 

analysis machine or carrying pack on the subject's back 

and the-need for long experimental durations in order 

to obtain "good" average values o. ver the sampling period. 
This technique can only measure the overall metabolic 

energy level the state of metabolism at sites of 

muscular activity involved in locomotion is still 

indeterminate. 

Several 'authors using the respired gas analysis 

method have measured the metabolic energy expenditure 
during ambulation of normal subjects in relation to the 

variables influencing it. 

61) did a literature review from 1912 McDonald (19" 

to 1958 on'the measurement of metabolic cost of walking 

by normal subjects. He found that there was no signifi- 

cant correlation between age or height and energy 

expenditure per unit distance but weight, sex and speed 

of walking were important factors. -It was observed that 

the energy cost of walking appears to be approximately 

101f less for women than for men. The energy expenditure 
.4 

per unit distance was least at a speed of about 60 m/min., 

however there is little variation for walking speeds of 
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60-80 m/min. 

Ralston (1958) established the first useful 

energy-speed relation for level walking. An empirical 

quadratic equation relating energy expenditure per unit 

of body weight (EW) to the square of the speed of walking 
(V), over a range of speeds of about 25 to 100 m/min, 

was given as : 
Ew = 29.0 + 0.0053V2 .......... 

(1) 

This equation indicates that the energy expenditure rises 

parabolically as walking speed increases and the 

metabolic energy level at standing is 29 (cal/min)/kg of 

body weight. Dividihg the equation by speedo gives a 

hyperbolic relationship with a minimum energy expenditure 

of 0.78 (cal/m)/kg of body weight at a speed of 74 m/mint 

sea Figure 2.5.1(a). No significant difference was found 

between male and female subjects. 

Waters et al (1976) reported on their study of 87 

normal male and 74 normal female subjects. It was found 

that the average speed of walking was 83 m/min and the 

average energy expenditure was given as 0.77 (cal/m)/kg 

of body weight:. They also noted that female subjects 

expended significantly more energy per unit distance than 

males. This contradicts the finding of Ralston and 
McDonald. 0 

Walt et al (1973) reported a'study relating oxygen 

consumption and step length. Six subjects were tested 

at 4 different walking speeds between 53 and 133 m/min. 
A low correlation was found between oxygen consumption 

and step length. It was regarded that step length was 

not an important factor for predicting energy expenditure 

at least for walking speed of up to about 100 m/min. 

Zarrugh et al (1974) collated all the results of 

inves. tigations (including both male and female subjects) 
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since 1958 that have been represented by similar quadratic 
expressions and arrived at an average equation based upon 
57 normal male and 29 normal female adults : 

EW = 32.0 + 0.0050 V2 ... oeee* 
(2) 

They also derived an empirical equation, based on 10 

normal males and 10 normal female adults relating energy 

expenditure, with step rate and stop length : 
Ew = Eo/(l - V/Vu) (3) 

where walking speed (step length x stop rate, m/min) 
Vu = walking speed when Ew becomes Infinite 
Eo = energy rate when stop length = stop rate a0 

This equation was then compared with equation (2) 

for one subject, with Eo = 28.3 (cal/min)/kg and VU = 
242 m/min, see Figure 2.5.1(b). It was observed that the 

two curves are almost identical upto about 100 m/min. 
Therefore, it can be concluded that prediction of energy 

expenditure for walking speeds up to about 100 m/min is 

not dependent on step length. This finding is similar to 

that of Walt et al (1973). 

Fisher and Gullickson (1978) in their literature 

review of the en6rgy cost of ambulation in health and 
disability over the last forty years concluded that the 

average natural speed of the normal person is 83 m/min 

and the average energy expenditure is 63 (cal/min)/kg of 
body weight or 0.764 (cal/m)/kg of body weight. 

2.5.2. Mechanical Energy Method 

In the analysis of mechanical energy requirements 
by the body during locomotion, two aspects have to be 

considered, viz the instantaneous mechanical energy level 

of the body segments, which is the summation of the 

potential and kinetic (trafislational and rotational) 

energies, and the mechanical work done by/on each body 

sogme*nt, this being calculated by multiplying the force 

I 
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and distance moved. 

Earlier researchers like Fenn (1929) and Elftman 
(1939) had previously considered this method of assessing 
the energy pf human movement. Brosle r and Berry (1951) 

developed a comprehensive model based on Newtonian laws 

of motion for the energy of normal gait in three 

dimensions. The basic concept used was that the 

mechanicai work is transferred into a segment when the 

moment applied on the segment below the joint acts in 

the same direction as the relative angular displacement 

at the joint. Mechanical energy levels of the thigh, 

shank and foot were determined for four normal subjects. 

. Cavagna et al (1963) computed the "external" work 

required in walking from three directional accelerometer 

records of the trunk and cine films records of the limbs 

in the saggital plane. This method neglected the effect 

of the lateral translational kinetic energy and the 

medio-lateral and axial rotational kinetic energies. 

In 1975, Cavagna utilised data from force plates to 

calculate directly the energy of the body's centre of 

mass. The analysis does not take into account the 

reciprocal movements of the limb segments. This would 

then underestimate the total energy of the body. Winter 

(1979) had showed in his analysis that it would be 

lowere-d by 16.2%. 

Zarrugh (1981) pointed out that in walking, work 
done is derived from internal sources and does not 

involve the exchange of mechanical energy between body 

and environment - if air resistance and friction losses 

at feet are neglected. It is therefore confusing to 

refer to work done in locomotion as purely'external work. 

Winter (1979) provided a rigorous and rational 

definition of work done for human activities. He 

I 



69a 

JOIIII 940CA A"Iti ToTAL. P0.1411 OF Tot ftOT 

Doe 

I Wo I.. 
I 

See 
0 04 &1 0.3 0.4 04 04 O. F of dL? 

TtMc I soce. ds) 

Mub, le and joint po*trs and the total power supplivi. 1 to the 1001. 

äk 
JCINT. Wul. L -a pc,. t»s 0, THC SHA»4 

J 
/I 

I 

t 

)300t0b0.03 Z4 01 os :9. C0U 

. %tu%! e and >»nt "tts 404 

Figure 2.5.2. 

': TiL '. '-r ')' T.. 1 ?. 
D.. 

2 

6 a. 41.2 0.1 a-4 0.5 0-6 0-7 0.8 0-9 
TIME ( s4ce-dil 

Njusele end iow powers and the total pn*cr suppNed *u the thigh 

300 

aw 

-Poe 

. 00 

.. 00 
0 
4L 

100 

0 

--cc 

-200 

TOTAL POWCA M. IVERED TO TME SUMENT 

To. p. coac , ..:. o 
lout rcc. 

PAT c OF C-ENGV CKAXGC 

SKANK 

MOT 

li I; 1 11 41 

I 

&+ . 1-S 4'4 a 0'& #1 &. 0 it it 

TME Isec) 

FewtOVApo-02 to I 606eý (04OWS 

Total power delivered to or 
taken ftom each se gment. 
(from Robertson & Winter, 1980) 



69 

suggested that work can be divided into internal work 
done, which is required to accelerate body segments and 

external work donet which is used against an external 
force such as liftingg pushing or pulling a load. 

Winter et al (1976) presented a detailed analysis 

of the instantaneous mechanical energy requirements of a 

normal subject during walking at one speed. Their 

segment by segment analysis was two-dimensional in nature, 
being based on displacement data recorded by a 
television-cbmputer system. Therefore, energy changes in 

the transverse plane(medial-lateral), are not included in 

the analysis; these values have been shown to be very 

small. Figure 2.5.2(a) shows the summary results of an 

analysis. 

Elftman (1939) commented that when rate of change 

of energy of a segment is positive, i. e. its energy level 

is increasing, the increase is due to a net flow of 

energy from work done by forces acting at the segment's 
joints or by musc le moments. This prompted Robertson and 
Winter (1980) to formulate equations relating to the rate 

of work done by the joint forces, viz joint power and the 

rate of work done by muscle moments, viz muscle power. 
The total power required at each limb segment is the 

summation of the joint and muscle pbwer. Figure 2.5.2(b) 

shows the total power of each limb segment. A comparison 
between the total power delivered to or taken from each 

segment and the corresponding segmental rates of change 

of the instantaneous mechanical-energy, indicated that 

the work-energy principle holds in their analysis. This 

they claimed validated their assumption that the joints 

act as ideal hinge connections. 
_ 

Ralston and Lukin (1969) analysed the energy 

requirement of treadmill gait using string displacement 

transducers attached to the approximate location of the 
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centre of mass of the foot, shank, thigh and trunk, The 

potential, vertical kinetic and rotational kinetic 

energies of all lower limb segments were not taken into 

account in their analysis. Zarrugh (1981) adopted a 
similar technique to that of Ralston and Luking except 
that triaxialg self-aligning electrogoniometers were used 
to determine the limb segment angles. Analysis was 
performed on subjects walking at different speeds, 
ranging from 45 to 132 m/min. The results for one 
subject are as shown in Figure 2.5.2(c), both the 
instantaneous energy levels and power requirements of the 
body being presented. The energy level of the body as a 
whole, as well as its power requirements, were computed 
using the assumption of symmetry between the two lower 
limbs. This assumption was also made in the analysis 
presented by Winter et al (1976). Although this may be 

valid when considering normal subjects* it cannot be used 
for pathologica. 1 subjects. The results reported were 
similar to those presented by Bresler and Berry (1951), 

Ralston and'Lukin (1967) and Winter et al (1976). The 

kinetic energy was found to be the largest contributor to 

the total energy 
ýf the body. The rotational kinetic 

energy was shown to be very small for all segments, the 
largest being 6'JM of the maximum total mechanical energy. 

L 



71 

CHAPTER 3 

Lower Limb Prosthetics 

3.1) Amputation Surgery 

3.1.1) Indications, levels and limiting factors 
3.1.2) Statistical survey 

3.2) Review-of Lower Limb Prostheses 

3.2.1) Materials used in Prosthetics 

3.2.2) Prosthetic Socket Design Consideration 

3.2.3) Methods in Prosthetic Fitting 

3.2.4) Below-knee Prosthetic Systems 

3.2.5) Above-knee Prosthetic Systems 

3.2.6) Modular Assembled Prostheses 

3.2.7). Survey of Prosthetic Practice 

3.3) Giomechanical Analysis of Prosthetic Gait 

3.3.1) Kinematic Assessment 

3.3.2) Kinetic Analysis 

3.3.3) Energy Requirement Studies 



72 

3.1. Amputati-on Suqerqy 

Archaeological findings of knives and saws, or bone 

and skeletal remains with amputated bone stumps, dating 
back to the Neolithic period show some evidence of 
amputations being practised by early man. These "ancient" 

amputations were generally performed to remove 
gangrenous or severely damaged limbs. However, it is 
believed that amputations were also used for ritual 
sacrifise, exorcism, appeasement-to gods or Idols, 

punishment and in some cases, beautification. Readers 

who are interested in amputations and prostheses in 

primitive cultures are recommended to read Friedmann's 
(1972) article on this topic. 

The history of medical amputation follows closely 
the development of surgery itself, especially 

orthopaedic surgery. Only a brief account of the 

development of surgical techniques vital in amputation 

surgery, is discussed. For a comprehensive history of 

amputation surgery please refer to Garrison (1963)9 or 
Slocum (1949). 

Hippocrates described the use of ligatures to 

control major. arterial bleeding during amputations but 

this technique was lost during the Dark Ages (200 A. D. 

to 1500 A. D. ). It was reintroduced by Ambroise Pare in 

1529. As a result the rate of survival became much 
higher. Another haemorrhage controlling technique, the 

tourniquet, was introduced by Morel in 1674. These, plus 
the introduction of techniques in the appropriate 
handling of soft tissues, secondary wound closure to 

prevent infection and the recognition of the importance 

of cleanliness, were major contributions to surgery 

made bi amputation surgery. 

The developments of anaesthesia and antiseptic 
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techniques are the hallmark of modern surgery. They 

contributed greatly to the overall success of amputation 
surgery. The speed of performing an operation which used 
to be a vital factor for success became secondary, to 

surgical technique with these developments. Furthermaret 

surgeons could focus their attention on improving methods 
and the selection of appropriate sites. 

Amp6tation surgery has two purposes : ablation and 
reconstruction. The operation must remove all of or that 

part of the limb necessary to eliminate the pathological 
state and provide primary or secondary wound healing. 
The reconstruction must create the optimum motor and 
sensory stump for prosthetic substitution and restoration 
of function. The success of every amputation depends on 

adherence to these two principles. To be effective, the 

surgeon must understand the functional limb physiology 
and the nature of prosthetic substitutes. 

3.1.1. Indications-,, Leviels, and- Limiting Factors 

The removal of a part of the body can be a 

prof. oundly shocking experience for any human being; the 

loss is irretriev. able. Thereforet amputation surgery 
must not be treated lightly or undertaken in ignorancet 

even though the procedure may have validity in one's own 
field of specialty. The surgeon's first concern should 
be to make a decision on whether amputation is the correct 
form of treatment and secondlyl to define the correct 
level of amputation and indeed define the objects of the 

operation itself. 

The event of amputation should be seen as the 

beginning of a rEýhabilitation process rather than an end 
of a story, for amputation does not represent the 
failure of a physical entity but merely another level of 

successful treatment. Its success however is dependent 
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an the accomplishment of some or all the objectives for 

which it was performed. 

In order to achieve a satisfactory solution, all 

the following factors require careful consideration 
(a) pathological, (b) anatomical, (c) surgical, (d) 

prosthetic and (e) personal (viz sex, age and 

occupation). Each of these factors will play some part 
in the decision and each will have varying emphasis In 

the light of-the clinical situation. 

Figure 3.1.1. illustrates the major sites of 

amputation in the lower extremity. The level of an 

amputation is determined primarily by the level of 

vascular sufficiency in the extremity, as determined by 

careful clinical tests and finally by assessment of the 

local circulation as seen at operation. 

Vascular disease is by far the most. common reason 
for amputation in North Amercia and Northern Europe. 

Moreover, as developing countries acquire higher 

standards of living and populations survive longer, 

amputation for vascular disease increases as a percen- 
tage of all amputations. Other indications for 

amputation include tumorsp trauma, chronic infection, 

paralysis, deformity and limb discrepancy, and congenital 
limb deficiency. 

With the advancement of prosthetic systems and 
fitting techniquesq the level of amputation has become 

less important; a broad, well-healed and properly 

constructed amputation stump can now be fitted 

satisfactorily wi th a prosthesis . Hence, surgical 

considerations are the primary determinant of the level 

of amputation. The principle rule is to conserve joints 

and preserve all possible length (for optimal prosthetic 
fitting) consistent with good surgical judgement. 
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Hindquarter amputation and hip disarticulation are 

largely determined by pathology. The main indication for 

these procedures is tumor; however, hip disarticulation 

is also frequently done in severe vascular disease, 

par. ticularly where previous reconstru ctive surgqry has 

been done. 

The above-knee amputation stump should be as long as 

possible, subject to pathology and to the need for 

providing adequate space for the functional knee 

mechanism in the prosthesis. Amputation at the supra- 

condylar level, such as Is done in the Gritti-Stokes or 

Slocum procedures, is not to be recommended as they are 

not truly end-bearing and furthermore they fail to 

provide sufficient space for the prosthetic knee 

mechanism. 

The knee disarticulation or through-knee amputation 

has proved to be an excellent procedure. It is easy to 

perform and relatively bloodless, and the resulting stump 
(long and strong) provides a large area for end-bearing. 

In the past, the; e have been prosthetic cosmetic 

disadvantages in amputations performed at such a level 

but these have been largely overcome. 

Below-knee amputation has become increasingly 

import, ant and with the advent of new surgical techniques 

it is the amputation most preferred in most cases; It is 

successful in up to 85 percent of vascular cases (Kostuik, 

1981). The main inhibiting factors are knee-flexion 

deformities and pathology. 

In Syme's amputation, the stump has attributes 

similar to those of the knee disarticulation. However, 

the prosthesis fitted has cosmetic disadvantages. Many 

amputational procedures distal to the ankle joint are 

available. Their main virtue lies in the distal nature 
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of the procedures but only a few of these procedures 

give good functional results and careful consideration 

of the end results of the operation is required. 

3.1.2. Stat-istir. al Survey 

ln 1973, LeBlanc reported that a Public Health 

survey conducted between 1953 and 1965 in the United 

States reveals that there are 1.35 amputees per 1,000 

persons not living in institutions; in the United Kingdom 

there are 1.58 amputees per ltOOO persons including those 

in institutions. 

Glattly (1964) conducted one of the most extensive 

statistical survey on amputations in the United States# 

during the period October 1,1961 to January 31# 1963. 

Data were obtained on 12,000 new amputees who presented 
themselves for fitting of an artificial limb for the 

first time. These findings were updated in 1975 by Kay 

and Newman. They used the same method of data collection 

devised by Glattly, to obtain Information from 6,000 new 

amputees. 

Kay and Newman (1975) presented a comparison of the 

new readings with Glattly's final report. It revealed 

some apparently significant changes in amputation 

statistics, as well as some situations where very little 

change seems to have occurred. The ratio of males to 

females undergoing amputation dropped from 3.35: 1 to 

2.57: 1. This meant a higher percentage of females 

amputees now exists. Another significant change was in 

the site of amputation. There is shown to be a decrease 

to 32.6 percent from Glattly's 44.1 percent in above-knee 

amputations and a-proportionate increase in below-knee 

amputations from 36.8 percent to 53.8 percent. Howevert 

in both studies, the above and below-knee amputations 

represent the highest percentage of amputation performed. 
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It was also found that there were significant 
changes in the causes of amputation. Amputations due to 
disease increased from 58 percent to 70.3 percent. while 
those due to trauma decreased from 33.2 percent to 22.4 

percent. Amputations due to tumour or congenital reasons 
remained at similar levels. 

Both studies revealed that the largest number of 
new amputees fitted with prostheses were in the 61-70 age 
group. There was anincrease in the number of amputees 
over 70 years of age who were being fitted with 
prostheses. Kay and Newman reported 22 percent against 
Glattly's 15.4 percent. 

In the United Kingdom, the Department of Health and 
Social Security (DHSS)O Statistics and Research Division 

published annual reports on amputation statistics for 

England, Wales and Northern Ireland. Data collected in 

1976 and 1980 on 'new' amputations are extracted and used 
in the following discussions. They are compared with 
those reported by Kay and Newman. Although the D. H. S. S. 

publication does not include Scotland, for simplicity's 

sake, the data obtained from the report will be referred 
to as that of the United Kingdom. 

Figure 3.1.2(a) shows the disýribution of amputation 
by sex. In the United Kingdom, th ere seems to be a trend 

towards a higher percentage of female amputees and a 

corresponding drop in the percentage of male amputees. 
However, the number of males undergoing amputation is 

still predominantly higher. The ratios of male to female 

amputees in relation to the cause of amputation is given 
in Table 3.1.2(a) . In the United Kingdom, the proportion 

of males to females going through amputation because of 
trauma is significantly lower than that reported by Kay 

and Newman for the United States. Furthermore, there 

was no significant change in this ratio in the United 
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Kingdom between 1976 and 1980. 

The distribution of amputations by cause and sex 
is considered in somewhat more detail In Figure 3.1.2(b). 
In the total population (male and female) the percentage 
of amputations derived from trauma dropped from Kay and 
Newmants 22.4 percent to 11.3 percent in the DHSS (1976) 

report and down to 9.4 percent in the 1980 report. 
Substaritial decreases in trauma-related amputations in 
both males and females are apparent. The similar 
situation is evident in figures for congenital-related 
amputations. However, the reverse situation is clearly 
shown in disease-related amputations. In the total 

samplet the percentage increased from Kay and Newman's 
70.3 percent to 82.9 and 85.0 percent in the 1976 and 
1980 reports respectively. The percentage increase 

occurred in both male and female populations. Disease- 

related amputation remained the prime cause of amputation 

and the percentage calculated shows an increasing trend 

both in the United States and United -Kingdom. Tumour- 

related amputation did not appear to show significant 

changes. 

Figure 3.1.2(c) shows the distribution of amputation 
by cause and age. Note the difference in the class 
interval used by Kay and Newman and*the DHS9.. In order 
to provide a much clearer discussion, a common grouping 
is used t'o represent both class intervals. That is (0-9) 

or (0-10) age group will be termed as the first decade 

of life and (20-39) or (21-40) age group will be the 

third and fourth decade of life and so on. 

In all the three studiesp thejargest number of 
amputations due to trauma occurred in the third and 
fourth decade of life, while the largest number of disease- 

related amputations occurred in the seventh and eighth 
decadq of life. In fact, over ninety percent of all the 
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amputations in this age group were performed because of 
disease. Kay and Newman reported the largest number of 
amputation due to malignancy in the second decade of 
life. In the DHSS (1976 and 1980) surveys, the largest 

numberof tutnour-related amputations occurred in the 

seventh and eighth decade of life. No detailed 
information was available to explain the difference. 

. In the Glattly report, 14.5 percent of all the 

amputations were performed on the upper extremity. This 
decreased down to 8.3 percent in the Key and Newman 

report. In the DHSS (1976 and 1980) surveys, only 3.6 

and 3.0 percent respectively were upper limb amputations. 
Figure 3.1.2(d) presents a more detailed distribution of 
amputations by site. In the four studies, between 80 and 
90 percent of all the amputations were performed at 

either the below or above-knee levels. 

Glattly (1964) reasoned that the high success in 
fitting below-knee amputees in recent years should 

encourage surgeons to reconsider applying the principle 
that below-knee amputations should be avoided in limbs 

affe-cted by gangrene due to vascular disease, for fear 

of the likelihood* of a second amputation being subsequen- 
tly necessary. He urged however for the preservation of 
the knee joint in the older individuals. Weiss et al 
(1966)-agreed with the view that knee joints could be 

saved and pointed out that the use of a rigid dressing 

should improve healing by reducing oedema. Pedersen 
(1968) also promoted the idea that knee joipts in many 
elderly patients with vascular disease could be saved if 

proper care were given post-surgically. The increase in 

below-knee to above-knee ratio repozted by Ray and Newman 
indicated that the suggestion was widely understood and 
more decisions were being made in favour of below-knee 

rather than above-knee amputations. 



80a 

GLATTLY 1964 

KAY & NEWMAN 
1975 

rl DHSS 1976 

N DHSS 1980 

53.9 
2.8 

53.8 

Figure 3.1.2(d) Distribution of Amputation by Site 



80 

In the United Kingdom, the reverse situation Is 

true. The percentage of above-knee amputation is 

approximately one and half times higher than below-knee 

amputation, although diabetic peripheral vascular 
disease is only approximately 10 percent of the total 

vascular disease cases. This may be a reflection of 

current practice in the United Kingdom, that surgeons are 

still abiding by the classic instruction of amputating 

above the knee when vascular circulation has been 

impaired so that healing can be ensured. 

The factors determining the ideal level of 

amputation in a patient with peripheral vascular disease 

are many and complex. In selecting the level of 

amputation, the surgeon must balance the need for 

retaining optimum limb length against the necessity for 

obtaining optimum primary wound healing. Burgess and 
Matsen (1981) urged surgeons to assess accurately the 

viability of the limb through the use of precise 
techniques of testing local healing potentiql. They 

concluded that by integrating these data with overall 

clinical assessment, surgeons would be increasingly able 

to select the ideal amputation site for their patient* 
This could result in amputation being performed at the 

lowest reasonable level and should lead to an increased 

number of below-knee amputations. 

The statistics presented by Kay and Newman 

representing the American experience of preserving the 

knee joint should encourage similar practice in the 

United Kingdom. 

From these statistical surveys, the below- and 

above-knee amputations represent-a large majority 
(approximately 80 percent) of the total amputation 

population.. Thereforeq it seems justifiable in this 

project to concentrate on these two levels of amputation 
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with respect to the type of prosthetic foot that would 
be prescribed to them. 

3.2. Lower-Extrem-ity Prostheses 

There is no exact record of when prostheses were 
first used, but some form of replacement was undoubtedly 
attempted following the very first surgical or traumatic 

amputations. Ancient remains and archaeological evidence 
suggest that crude devices such as peg legs/pylon, wooden 
props/splints and crutches were used, see Figure 3.2(a). 

Ancient history recorded the earliest example of 

prosthesis being used at the beginning of the fifth 

century B. C.; the Greek historian Herodotus (484 B. C. ) 

reported-the escape of Hegesistratus, a native seer of 
Ellis sentenced to death. He escaped by cutting off his 

foot from its chain, and later replacing it with a wooden 

one. The oldest known artificial limb in existence was 

constructed of wood and reinforced with bronze and iron. 

It was unearthed in Capua, Italy in 1858 and dated back 

to the Samnite Wars of 300 B. C. Unfortunatelyt it was 
destroyed during the bombing of London in World War II. 

From the pre-Christian era to the fifteenth 

century, there are few records concerning artificial 
limbs or prostheses. This corresponds to the dark period 

of the development of amputation surgery. Most lower- 

extremity prostheses of the Middle Ages were simple peg 
legst with little consideration given to function or 

cosmesis. It was not until the 16th century that 

armourers; and metal craftsman, skilled in fashioning body 

armour began to use sections of armour modified for 

weight-bearingg Leading to some impriovement in cosmesis. 

I 
Ambroise Pare 1510 - 1590) produced the first 

known jointed-leg prosthesis, see Figure 3.2(b). The leg 

-J 
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incorporates a semi-automatic knee lock and an 
articulated footo however, it appears that the prosthesis 

was far too heavy to be of any practical use. Towards 

the end of the Seventh Centuryl attempts were begun to 

improve prostheses. This period corresponds with the 

dawning of modern surgical procedurest which led to a 
higher rate of survival. The increasing number of 

amputee survivors prompted the search for a better 

functionally designed prosthesis that was aesthetically 

acceptable. The historical developments of artificial 
limbs are well documented in "Orthopaedic Appliance 

Atlast Volume 2- Artificial limbs", (1960) and Lowe 
(1969). A brief discussion of the important development 

is presented in the following. 

In 1696, the Dutch surgeon Verduin devised a below- 

knee prosthesis, which was composed of a wooden foot 

joined to a stump socket of copper lined with leather. 

A thigh cuff was used to suspend the device and also 

assist in weight-bearing, and was connected to the leg- 

piece with external hingest see Figure 3.2(c). This was 

the fore-runner of the thigh corset type "conventional" 

below-knee prosthesis. Yet, for reasons unknown, the 

Verduin prosthesis attracted very little interest, it 

was not until the Nineteenth Century that its principles 

were recognised and applied in proSthetic practice. 

James Pott of London in 1800 introduced an above- 
knee prosthesis, which consisted of a wooden socket, a 

steel knee joint and an articulated foot. Cord from the 

knee joint controlled the ankle/foot motion, for example 
toe lift was coordinated with knee flexion. Because the 

Marquis of Anglesea wore it after losing his leg at the 

battle of Waterloo, this leg became known as the 

"Anglesea leg", Figure 3.2. (d) shows the above-knee, as 

well as the below-knee version of the Anglesea leg. With 

few modifications, this prosthesis was introduced into 
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Fig. Angle-ea Leg (ISIA. Beluw knee at left, 
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lated. From Big. -, It., O. rth(jprrxv. 1.4,17. 

Figure 3.2(d) 

Fig. V erduin Leg (1696). From MacDonald. J., 
Amer. J. Surg.. 1905. - 

Figure 3.2(c) 
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the United States in 1839. Many refinements were made 
since then, and eventually Benjamin F. Palmer patented 
the leg in 1846 and it became known as the American leg. 

Other major contributions to the principle of 
modern day prosthetics were also made in the Nineteenth 
Century, Goyrand in 1831p developed the ischial weight- 
bearing concept in above-knee prostheses. In 1842, 

Martin and Charriere introduced automatic passive control 
of knee extension by placing the knee centre posterior 
to the centre axis of the prosthesis. 

A. A. Marks in 1860 modified the American leg by 

replacing the wooden foot with a hard rubber type. This 

rubber foot had a wooden keel which was fastened directly 
to the prosthetic leg. The whole prosthesis was covered 
with a sheath of leather to increase its durability and 
appearance, and decrease noise. In 1861, J. E. Hanger 

replaced the cords in the American leg with rubber 
bumpers about the ankle joint. This design is still 
widely used in the present day. He also introduced the 

wooden socket and popularised the technique. 

The next major invention was that of the suction 
socket by Ourbois D. Parmelee in 1863. However, it was 
not accepted until after the second World War, when the 
Germans introduced its concept. The socket had a long 

and variable development before it reached its present 
form. The original design of Parmelee is illustrated in 
Figure 3.2. (e). 

Each major war seems to have been the stimulus not 
only for improvement of amputation surgical techniques 
but also for the development of impkoved prostheses. 
World War II was no exception, - with great numbers of 
veteran amputees returning, an organised attempt was 
undertaken to produce functional, inexpensive prostheses. 
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Both in North America and Northern Europe, amputee 

research programmes were started to accomplish those 

goals. Most of the modernt scientifically designed 

prostheses available nowadays are-the direct result of 
these research programmes. Among these developments, 

those that are of prime interest in this project are 
(i) the total-contactt quadilateral, suction socket for 

the above-knee amputation, (ii) the patellar-bendon- 
bearing prosthesis for the below-knee amputation and 
(iii) the solid-ankle cushion-heel (SACH) foot. These 

devices will be considered in detail in the subsequent 

sections. 

The modern trend in prosthesis is towards a 
"Modular" approach. That entails having a prosthesis 

made up of easily assembled and dismantled componentsp 

sometimes interchangeable with other components providing 

slightly different function. The aims are to reduce 
time in supplying a functional prosthesis to the patient 

and also to cut the cost required in produc , 
ing the 

prosthesis. This topic will be taken up in detail in 

Section 3.2.6. 

. .... I .......... ..... 
3.2.1. Matý--rlals- used in, Prosthetics- 

There is a wide 

artificial materials 
These materials have 

lightweight and easy 

materials used are w 

cloth. 

variety of natural as well as 
being used in prosthetics today. 
to be biocompati-ble, durable, strongo 
for fabrication. The most common 

ood, plastic, leather, metal and 

Wood is often used to provide shape and structural 

strength. Bassw6od, willow, pOolar and linden wood are 

most commonly used for prosthetic knees and shins. These 

woods are comparatively lightweight, strong and free from 
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defects like knotholes and warping. These woods can'be 
shaped easily using standard wood working tools. Whan 
finishing a prosthesist the thigh and/or shin is 
hollowed out until the wood is approximately 0.8 cm thick. 
This is to reduce unnecessary weight but still provide 
adequate structural strength. Traditionally, above-knee 
prosthetic sockets were carved out from wood in such a 
fashion that a "plug fit" results, whore the stump 
itself-takes a large portion of the load and the ischial 

seat is of secondary importance. Radcliffe (1955) : 
described a 3-stage technique in constructing a wooden 
quadrilateral socket. Murphy (1954) in describing the 

construction of wooden below-knee prosthetic sockets, 
commented that the fitting and construction of a wooden 
socket is purely a trial and error process, thus, 

rendering it unsatisfactory. Hardwoods such as maple and 
hickory are used for keels in SACH feet and also to 

reinforce high stress areas of prosthetic knee units. 

Aluminium alloys are generally used in the 

manufacture of metal limbs. They have the properties of 
being strong and yet light in weight. To form a lower 
limb prosthetic segment, a cylinder of sheet aluminium 
alloy (either a drawn-tube or a sheet formed into a 
cylinder and welded or riveted) is cold-worked into the 
desired final shape. A cast aluminium knee-strengthening 
bracket and ankle block are then welded or riveted to the 

structure at the appropriate end to maintain the shape of 
the leg. This method of construction is still widely 
practised in the United Kingdom.. Fitting and construc- 
tion of a metal socket is also a process that is one of 
purely trial and error, thus it is not satisfactor. y. 
Most prosthetic knee and ankle joint units (or components 
of them) are made- from cast alur6inium. Pylons used in 
the modular system are drawn metal tubes. 

Leather is a commonly used material in prosthetics. 
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It is used for making suspension beltsq waist belts, soft 
inserts on PTO prosthesis sockets, socket linings and as 
fairings to provide cosmesis over knee and hip joints. 
It is easy to work with, has a soft natural feelo is able 
to stretch in one direction and is blocompatible, Cloth is 

primarily used for making prosthetic socks. They are 
commonly made of wool or cotton, or more recently a blend 

of these natural fibres with nylon, orlon, acrylics or 
other synthetic materials. 

There is a wide range of plastics being used in 

prosthetics today. Most of them have now replaced the 
traditional materials in their application. Nylon is 

now used for prosthetic sheaths, bushings, suction valves# 
stockinette and stockings to cover prostheses. The 

advantages of this material are its strengthp elasticity 
and low coefficient of friction. Acrylic fibres are 
frequently used in prosthetic sockst since they are softt 
durable and machine washable. They provide an alterna- 
tive to wool and cotton. Liquid polyester or acrylic 
resin is used in the lami'nation of prosthetic sockets. 
Acrylic resins are finding increased use because of their 
high strength which allows a thinner, lighter weight 
lamination and the thermoplastic properties allow easier 
adjustments of the prosthesis by reheating the plastic 
and remoulding'it. Acrylic resins 'tend to have a softer 
feel than polyester resins. However, they are much more 
difficult to use during fabricatio"n. Polypropylene is 

currently being used in the production of a ligýtweight 

prosthesis, (Wilson and Stills, *1976). Polypropylene 

sheets are heated and vacuum formed over the mould of a 
socket or complete limb. The material is relatively 
inexpensive, strongt durable and eapy to mould. It can 
be welded using hot air or nitrogen welding guns to bond 
seams or add reinforcement. High-density polyethylene 
is used to make bushings in joints. Polyurethane foams 
are a. vailable in three broad groups : flexible foam, 
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rigid foam and elastomers. Flexible polyurothane foams 

are generally used as cosmetic covers for endoskeletal- 
type prostheses and also for making SACH feet. Rigid 

polyurethane foams are used as an alternative to wood in 

providing structural stability to knee units and ankle 
blacks. This foam is also used to provide strength and 

shape to exaskeletal-type prostheses. 

Fibre-glass is commonly used to reinforce polyester 

resin laminations where mechanical attachments such as 
bolts and screws are required. It is also used to 

stiffen areas of prostheses and to prevent breakage in 

vulnerable areas. However, it causes skin irritation 

when in contact with the skin and it is difficult to 

finish smoothly. One very promising material that can 
be used in prosthetics iscarbon fibre set in epoxy. It 

has a stiffness twice that of steel at one-fifth the 

weight. In addition, it also has a fatigue resistance 
twice that of steel, aluminium and fibre-glass. There- 

forej the use of pre-fabricated carbon fibre prosthetic 

components, such as pylon tubes, knee joints and 

connectors could drastically reduce the weight of 

prostheses while increasing the strength. 

3.2.2. Prosthetic Socket Oesign Considerations- 

There are four major interrelated prosthetic socket 
design considerations : support, control, suspension and 

alignment. 

Support in a socket is provided through the 

distribution of pressures on stump tissues in relation to 
those tissues which are pressure sensitive or pressure 
tolerant. Pressui! e distribution-for sensitive areas must 
be based on socket contouring that distributes limb 

contact pressures evenly and as far as possible putting 
the maximum loads in areas which can tolerate them. 
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Pressure sensitive*areas can also be accommodated by*the 
use of soft materials. 

Control depends an the pressures generated between 
the stump and the socket Interface. During the stance 
phase the body must be stabilised over the prosthesis by 
forces applied by the stump to the socket. Thereforej 
the socket must be designed to accommodate these forces 
comfortably and provide stability with a minimum of 
lateral motion. During the swing phase, full stump to 
socket contact is required to provide control over the 
prosthesis, when it is elevated off the ground. The 
total-contact socket is most suited for these situations. 

Suspension*can be provided In anyone, (or in 
combination), of these basic types : (a) mechanical joints 
with corsett (b) suspension beltj (c) suction socket and 
(d) socket contouring. These suspension systems will be 
discussed in the subsequent sections. 

Alignment refers to the angular and linear position 
of t he socket relative to the knee and foot. Particularly 
important in angular alignment is. that the socket is in-a 

position where the amputee can gain the best control with 
the remaining musculature. The socket must be positioned 
over the prosthetic knee in such a-way as to achieve 
proper balance and/or to-obtain the maximum function from 
the prosthetic components. This is achieved by linear 
alignment. 

The following is a brief description of the below- 
and above-knee sockets used in the project : 

Belaw-knee Amputýtion'. Currently,, 'the 
patellar-tendon- 

bearing (PTB) socket is a widely accepted routine fitting 
for below-knee amputation. The socket is designed such 
that the force action is transmitted comfortably and 
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without excessive movement of the prosthesis relative to 
the skeletal structures. The detailed biomachanical 

analysis of force actions on below-knee prostheses in 

normal, level bipedal walking was very well presented by 

Radcliffe (1962). The basic concepts in the design of 
the socket are : The compression of soft tissues to 

obtain good socket fit which is essential to provide a 
degree of feedback of the foot position in the absence 

of tolbrant areas and to protect sensitive areas. 
Figure 3.2.2(a) shows the pressure tolerant and sensitive 

areas of a below-knee stump. 

The socket is shaped so that a substantial amount 

of weight is borne an the patellar tendon and the medial 
flare of the tibial condyles. The crest of the tibiap 

the head of the fibula, the distal cut end of the tibia 

and fibula and sometimes a prominent lateral condyle are 

pressure sensitive areas and are thus relieved, see 
Figure 3.2.2(b). Most of the sockets are used with a 

spft insert which is contoured exactly to the shape of 

the socket and is made of a soft synthetic material. 

Above-knee-Amputatian A number of socket designs are 

available for the above-knee amputee, but one that has 

proved to provide the most support and stability is the 

quadrilateral design. Hall(1964) dlescribed five basic 

principles of this design*: (I) The socket must be 

properly. contoured and relieved for functioning muscles, 
(ii) stabilizing pressure should be applied on the 

skeletal structures as much as possible, avoiding areas 

where functioning muscles exist, (III) functioning 

mu5clesq where possible should be stretched to slightly 

greater than rest length for maximum power, Uv) properly 

applied pressure is well tolerated by neurovascular 

structures and (v) force is tolerated best if It is 

distributed over the largest available area. 
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The quadrilateral socket is as shown in Figure 
3.2.2(c). The inner contour of the socket has reliefs 
and bulges. Reliefs are hollowed-out areas to reduce 
pressure an relatively firm tissuest such as tendonst 

contracting muscles and bony prominences. Bulges are 
inward directed contours of the socket wall to press 
softv pressure-tolerant areas of the stump so that these 

areas will take higher pressure and thereby their 

appropriat: e share of the load. Extending from the 

posterior wall of the socket is a widely flared area to 

provide support through the ischial tuberosity and 

gluteal muscles. The anterior wall is concavely contoured 

and is higher than the posterior wall in order to provide 
a counterforce that will hold the ischium back onto the 

ischial seat. The lateral. wall is adducted and relatively 
flat to evenly distribte the high forces resulting from 

hip abduction during mid-stance to provide support# see 
Figure 3.2.2(d). The lateral wall is also high and curved 
in over the greater trochanter to provide increased 

lateral stability. The detailed biomechanics of above- 
knee prostheses were presented by Radcliffe (1969). 

V 
The entire socket is statically aligned to give an 

initial flexion with respect to the hip-ankle line. This 

will provide a greater range of hip extension and thus 

allow the patient to take a normal stride length on the 

sound side. One advantage of the quadrilateral shaped 
socket i5 that it provides good rotation stability 

without restricting muscle function. 

3.2.3. Prosthetic-Methods 

The team approach is a much favoured c-oncept in the 

field of prosthetics. The aim of rehabilitation of an 
amputee is not to merely fit him with an artificial limb 
but to ensure that he is reinstated in society and can 
take his rightful place within the limits of his own 
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disability and state of health. The clinic team should 
therefore consist of a physiciant prosthotist, therapist, 

nurse, social worker and possibly a clinic coordinator 
to achieve this aim. Vitali (1969) advocated that an 
integrated rehabilitation programme Is possible with 
co-operation, understanding, communication and the 

goodwill of all concerned. He proposed that each team 

member should acquire an understanding of biomechonics 

and the elements of prosthetics in his education. 

The patient is the most important member in the 

clinic team, for it is the patient who is directly 

affected by all the decisions made. Therefore, it is 

essential to instill confidence in the patient and 
encouragement to participate as an active member of the 
team. Hopefully, in this way, a thorough examination and 

evaluation of the patient can be achieved. Ultimately# a 

prescription for the prosthesis will be formulated based 

an the input of information from all members of the team. 

After the initial orientationg the prosthetist's 
task is to make a. detailed evaluation, measurement and 

casting of the stump. Special forms are used by the 

prosthetist in his evaluation and measurementg see 
Figure 3.2.3(a & b). 

f 

. 
The socket is made over a modified positive mould 

of the stump from a lamination process. The most common 

commonly used material is polyester resins in its liquid 

form. It can be pigmented to match the patient's 

natural skin tone. The completed socket is test-fitted 

to make sure that it fits the stump properly. Then, the 

rest of the prosthetic components plus the socket are 

assembled togethe-r. Included in the assembly is an 

alignment device such as the Staros-Gardner coupling or 
the University of California, Berkeley alignment unit 
etc. This firstly, allows the whole artificial limb to 
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be statically aligned during assembly and then 
dynamically aligned during test walking. The purpose of 
aligning the prosthesis is to provide maximum comfortv 
efficient function and cosmesis by. adjusting the relative 
position of the components. The different alignment 
adjustments that can be made are : 

1) Anterior or posterior displacement of the socket with 
respect to the foot. 

2) Medial or lateral displacement of the socket with 
respect to the foot. 

3) Tilt of the socket in the sagittal plane: the amount 

of built-in flexion of the socket. 
4) Tilt of the socket in the coronal plane. 
5) Stability of the knee joint. 

6) Rotation of the foot. 

Fitting and alignment of the prosthesis are 
completed when the patient and prosthetist are convinced 
and satisfied that the prosthesis is functioning as well 
as possible. The alignment device is then transferred 

out of the assembly an to a transfer rig, while keeping 
the relative position of the components the same. Either 

rigid polyurethane foam or wood is used to fill up the 

spaces between the prosthetic components. They are then 

shaped to match the patient's other leg and It is covered 
with plastic lamination, providing additional cosmesis 
and strength. 

With some modular assembled prostheses, the 

alignment device is usually built into the system. 
Therefore, no transferring Is required in the process. 
once the optimum alignment is reacheds the adjusting 
screws are locked in place by a strong bonding glue. 
Flexible polyurethene foam covering shaped to give the 
desired cosmesis is then assembled onto the endoskeletal 
structure. A prosthetic stocking is put on to complete 
the construction. 
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3.2.4. Below-knee Prosthetic System 

Prior to the introduction of the patellar-tandon- 
bearing (PTB) prosthesesg the thigh-corsot and knoo joint 
type of artificial limb was the "conventional" bolow-knee 

prosthesisq see Fgiure 3.2.4(a). The thigh corset is 

contoured proximally to the adductor tubercle of the knee 
to provide suspension as well as weight bearing and 
stabilisation against anterior-posterior and medial- 
lateral forces. The socket and shank were either 
constructed from wood, metal, fibre or moulded leather# 

although the basic principle of construction was the 

same. The distal end of the socket was usually left open. 
This type of prosthesis has several disadvantages : The 

human knee joint is not asimple, single-axis hinge jointp 
therefore relative motion would occur between the 

prosthesis and the stump and thigh during knee motion 

when single-joýnted side hinges are used. This would 
result in some chafing and irritation. Oedema was often 

present at the lower end of the stumpp when the open- 

ended socket was used. This type of prosthesis also 
discouraged the use of thigh musculatures, therefore 

causing them to grow weak. 

Since the introduction of the PTB below-knee 

prosthesis in 1959, (Radcliffe and Foort, 1961) the 

prosthetic field has been besieged with variations of 
its basi: c features. Figure 3.2.4(b) shows a chart of 
the variations. 

The variants are of two kinds: (1) socket designs 
to improve distal pressure and weight-bearing control or 
to improve the environment around the residual limb and 
(2) mechanisms for improvement in suspension and knee 

stabilisation; These variants however do not affect the 
fundamental-principles of PTB'fitting, especially the 

provision for total-contact. 
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The original designed PTO prosthesis has a soft 
insert/liner and a cuff suspension, see Figure 3.2.4(c). 
The soft liner tends to deteriorate quite rapidly due to 
perspiration and will become compressed and take an a 
permanent set which may require constant replacement. 
PTO with a hard socket and soft-end will be advantageous 
to the patient in that retention of fit will probably be 
maintained much longer, although modification to the 
distal pad will be more difficult with a hard socket than 
with a liner. Soft-ends are best done by foaming them in 
place to assure total-contact. Carving the distal pad is 
usually not recommended because the technique involved 
is not as error-proof as the foaming-in-place process. 

The PTB air cushion (AC) socket described by Wilson 
et al (1968), see Figure 3.2.4(d), provides increased 
distal stump-socket pressure while decreasing the 

constrictive proximal loading and thus benefits circula- 
tion. The adequate pressure distributed over the entire 
distal area would minimize abrasive skin daMage, which 
might occur with the stump in contact with a rigid socket 
wall. 

Excessive perspiration inside the socket can lead 
to the stump being immersed in a pool of fluid, which not 
only causes discomfort but also constitutes a potential 
cause of skin maceration and breakdown. One solution is 
to use a hard porous socket (Faulkner and Pritham, 1973) 

which requires considerable skill to construct. 
Alternatively, a porous, flexible insert (Rubin and Byer, 
1973) can be used Instead and some form of drainage is 
designed into the socket to allow the fluid to escape but 

still maintain total contact. 

From Figure 3.2.4(b) one can realise the enormous 
range of suspension and knee control methods available. 
Pritham (1979) presented an overview of all the 
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Fig. Cot. 1, va. v view ot the patellar-tendan- 
bearing leg for below.. knee amPutees. 

Figure 3.2.4(c) Standard PT8 prosthesis 

_(f_rom 
Wilson, 1970) 
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function or týc hiiiconc Laminaled simer is indicited 11v I ir+, j. 

Figure 3.2.4(d) PTG air-cushion SoCket 
(from Wilson et al, 1968) 
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suspension systems ever used for the bolow-knee prosth- 
sis. The following is a brief discussion on the two 

major suspension systems : the cuff suspension and the 

socket brim suspension techniques. ' 

The cuff suspension is an integral part of the 

original PTB prosthesis design, see Figure 3.2.4(c). If 
it is fitted properly, it would provide an adequate 
suspension system. Howeverl the strap over the patella 
may cause difficulty either in not reducing the piston 
action sufficiently or in restricting circulation. It 

may also limit knee flexion and give a. poor cosmesis 

around the knee, especially when sitting. This method of 

suspension will not be suitable for a knee with medio- 
lateral instability. Nevertheless, it is probably the 

easiest system to make and fit. 

- 
The suprecondylar (SC) suspension system utilises 

the high medial and lateral socket walls to encompass 
fully the medial and lateral aspects of the femoral 

condylest so as to secure a proper grip Immediately 

proximal to the adductor tubercle. There are several 
designs available to fulfill this condition. One of them 
is to have high mediolateral socket walls flexible enough 
to permit the prosthesis to be donned by expanding the 
high socket walls and then allowing them to retract over 
the condyles. However, most laminated socket walls are 
generall: y not that flexible and therefore, another method 
would be required to prefabricate a wedge of flexLble 

material which can be inserted between the socket and the 

medial condyles to obtain a locking fit over the condylet 

see Figure 3.2.4(e). The supracondylar suspension system 
is less restrictive to knee flexion than the cuff suspen- 
sion type. It also provides mediolateral stability to 
the knee. Ho0ever, it is more difficult to fit than the 

cuff suspension. Fitting of this device requires careful 
measurement of the mediolateral dimension over the 
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condyles. 

Another variant of the socket brim susponsion 
technique is the supracondylar/supropatellar (SC/SP) 

suspension system. It employs high mediolateral walls 
to encompass the condyles as well as a high anterior 

wall coming up and over the patella. This design was 
first described by Pierquin et al (1964) who referred to 

it as PTS (prosthe'se tibiale Supro-condylienne). The 

anterior fitting provides the main support function and 

stabilises the knee in the sagittal plane, especially at 

pushoff. Consequently, it will reduce any tendency of 

the knee to go into hyperextension. This suspension 

system also provides mediolateral stability of the knee. 

Cosmetically, the proximal. brim appears somewhat bulky 

and in some cases may restrict the extreme flexion that 

would be required for example In kneeling. Fitting of 

this system is very difficultp extreme care must be taken 

with its anterior brim. 

In 1977, a workshop on "Limb prosthetics and 

Orthotics" recommended that comprehensive evaluation an 

variants on PTB prosthesis should be carried out. 
However, no literature has been found to date that meets 

the recommendation, although Staros and Goralnik (1981) 

presented guidelines for clinical employment of PTB 

variants as compared to PTB conventional suspension with 

liner and cuff, see Table 3.2.4. 

There are two method for the construction of the 

shin: exoskeletal and endoskeletal. The exoskeletal type 

was part of the original PTB designq usually being made 

of woodq although nowadays, rigid foam and oven poly- 

propylene are also used. The endoskeletal type consists 

of a metal tube between the socket and the prosthetic 
foot. Flexible foam provides the cosmetic covering. The 

endaskeletal type construction has been adopted by most 
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manufacturers for their modular system. 

The Solid-Ankle Cushion-Heel (SACH) foot was an 
integral part of the original PTB prosthosist although# 
the single-axis foot and the multi-axis foot can also be 

used. Further discussion an prosthetic feet can be found 
in Chapter 4e 

An important factor in the design of prostheses is 
that of weight. Many attempts have been made to reduce 
the weight of the below-knee prosthesis, especially those 

being prescribed to elderly patients. Recently, Wilson 

and Stills (1976) described the development of an ultra- 
light below-knee prosthesis made by vacuum forming sheet 

polypropylenet see Figure 3.2.4(f). It was claimed that 

the prosthesis weighs one-third of the conventional PTB 

prosthesis. Reed et al (1979) carried out an evaluation 

of this prosthesis on a subjective basis. Data on 
fourteen patients were presented and general conclusions 

were drawn from these data. All the-patients sampled 
liked the lightness of the prosthesis and felt that they 

required less energy to walk than with their own 

prostheses. This, however, was not substantiated by any 

objective measurement of energy expenditure. Half of 
them complained about the function provided by the rigid 
foot; the investigators however felt that this might be 

simply a matter of "getting used to it". The most 
inherent*problem encountered with the prosthesis, Is that 

it is not structurally strong. It was suggested that the 

model evaluated is probably best suited for patients who 
do not subject the prosthesis to extreme stress. 

3.2.5. Above-knee Prosthetic_System_ 

There have been many different shapes of socket 
brim designed for the above-knee socket. They vary from 

Circu. lar or oval to triangular or quadrilateral. The 
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traditional. "Plug-fit" socket is conical In shape. ' Its 

inclined socket wall subjects the stump to very high 

pressure in order to provide weight-bearing. This proved 
to be too uncomfortable and painful for many patients. 

One of the most popular socket used nowadays is of 
the quadrilateral design. The origin of this socket is 

attributed to Striede of Austria. This design was 
introduced to the Un 

* 
ited States by Eberhart et al (1949). 

At the University of California Biomechanics Laboratory 

in Berkeleyo extensive studies were conducted to produce 
the biomechanical rationale for the shape of this socket 

design. The relationship between the socket design and 
the alignment of the knee joint shank and foot under the 

socket, was also established. This has been discussed in 

Section 3.2.2. 

Kuhn (1956) was able to distinguish six different 

shapes of brim, as illustrated In Figure 3.2.5(a). It 

ranges from the total absence of muscle relief (viz 

flabby stump) to the athletic or muscular stump with 

strongly marked contours. It was reported that the 

shape of the muscular stump (picture lei in the figure) 

is most generally used, Naeff and Pijkeren (1980). This 

shape corresponds to the quadrilateral design. 

0 

Another very different socket brim shape presented 

in Figure 3.2.5(b), is the U. S. Navy Socket developed in 

1959. The shape gave laterally more room for the gluteus 

maximus. No further literature. was available for comment 

on the rationale of this design. 

In England, McKenzie developed a triangular brim 

socket, see Figure 3.2.5(c). The p'osterior brim, just 

under the ischial tuberosity is flared to provide some 

ischial support during weight-bearing. This relieves the 

stump from being subjected to high pressure, 

Redhead (1979) reported on the development of an 
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above-knee socket desinged to provide total surface 
support and to dispense with Ischial bearing as the 

primary weight bearing area. The socket is based upon 
the hypothesis that if the soft titsues of an above-knoo 
stump are adequately supported in a suitably shaped 
container, they will behave under load as an elastic 
solid with low stiffness. This design will allow forces 
to be transmitted through the hip joint rather than the 
ischial tuberosity. The method of socket casting was 
also described. Using an elastic sleeve donned over the 

stump, it provides a grip to stretch the stump distally 
by traction weight. With the stump tissues deformed in 
this manner, the cast is allowed to setg see Figure 3.2.5 
(d). Results obtained from their measurements of stump/ 

socket interface pressures under axial loading correlated 

well with their theoretical calculations on total surface 
bearing. The socket is now claimed to be routinely 
fitted at a number of limb fitting centres in England. 

Follow-up reports showed no evidence of progressive 

wasting of soft tissues of the stump. An independent 

research body is required to further evaluate this socket 
design, if it is to be widely accepted. 

Internationallyp there is no agreement about the 

shape of the brim of the above-knee socket. Fulford and 
Hall (1968) believed that the difference of opinion will 

only be settled by further experimental work on the 

pressures within the socket during standing and walking. 

Figure 3.2.5(e) shows a classification system for 

the above-knee quadrilateral socket prosthesis proposed 
by the Veterans Administration. 

There are 6'ssentially no special contra-indications 
to using total-contact sockets other than those which 
apply to other types of lower limb prostheses, such as a 
draining osteomyelitis for example. However, total 
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contact might not be suitable for an amputee with flabby 
stump and little muscle strength. Limbs with painful 
neuromas, particularly those caught in scars, might not 
be suitable for total contact or at lpast would require 
special local relief. 

Hard sockets are generally used for the softer 
bulkier stump, where there is room for the femur to move 
with minimal resistance, while a firm stump requires a 
soft-end socket to prevent the painful impingement of 
the cut end of the femur against the socket. 

There are three separate types of suspension used 
on the above-knee prosthesis suction, Silesian belt and 
pelvic band with hip joint, although suction suspension 
can als. o be combined with the other two systems. 

Suction suspension refers to the technique of 
maintaining the prosthesis by negative air pressure in 
the socket during swing phase. This is done by using an 
air expulsion valve at the distal end of the socket and 
a very well-conto6red socket that fits around the stump 
directly against the skin to form a seal. No prosthetic 
socks are used with this design because air would tend to 
leak out through the weave of the sock, resulting in a 
loss of suspension. Donning a suction socket requires a 
certai6 amount of effort and skill from the patient. He 
has to literally pull himself into the socket, using a 
sockinette through the valve hole at the distal end. 
Therefore, suction sockets are contra-indicated for 
patients with heart disease or other physical problems 
that will not allow the exertion required to don the 

prosthesis. It is also contra-indicated for those having 
significant stump volume fluctuationsp balance problems 
and upper limb disabilities that would make donning the 
prosthesis difficult. 

0 
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The Silesian belt (or Silesian bandage) consists of 
a flexible belt usually made of cloth or leather. The 
belt is attached at a pivot point at the lateral aspect 
of the socket at the approximate loco 

, 
tion of the greater 

trochanter and extends around the back over the iliac 

crest to the mid-line of theanterior socket approximately 
at the ischial level. This form of suspension is reputed 
to provide a comfortable positive suspension (of the 

prosthesiý) and to control undesirable rotation of the 

prosthesis and also aid in adducting the prosthesis. The 
Silesian belt is primary indicated for those patients in 

whom suction is not adequate as the sole means of 
suspension. Prosthetic socks are prescribed together 

with this method of suspension. 

The advantages of the Silesian belt are that it is 
light-weight and comfortable, it is easy to use and not 
as restrictive as the hip joint with pelvic band 

suspension, it is more cosmetic-under clothes and can 
provide a definite control of rotation and adduction of 
the prosthesis. The disadvantages of the Silesian belt 

are that it is more cumbersome and less cosmetic than the 

suction suspension. It also does not provide the same 
degree of controk of movement as does the hip joint and 
pelvic band suspension. 

The hip joint and pelvic band also provides 
positivd suspension and control to an above-knee 
prosthesis. The hip joint is positioned anterior and 
proximal to the greater trochanter to approximate the 
location of the anatomical hip joint centre. The pelvic 
band is attached proximally to the hip jointp located 
between the greater trochanter and the iliac crest and 
contoured to fit snugly on the patient. It extends from 
the anterosuperior iliac spine to approximately the 

posterosuperior iliac spine. The pelvic band is at*tached 
to a wide cloth or leather waist belt that wraps around 
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the patient's waist and buckles anteriorly, The hip 
joint is aligned to allow for a normal plane of motion in 

flexion and extension and ease of sittingg without 

pinching the flesh between the anterior brim of the 

socket and the pelvic band. 

This method of suspension is usually indicated for 

patients who have poor ability to control their 

prosthesis and need a very positive suspension. Geriatric 

patients and some obese patients are in this category. 
Hip joint and pelvic band suspension is also very easy to 

learn to use for patients with cognitive disabilitiesp 

since it functions in a similar way as a normal waist belt. 

The hip joint is also indicated for patients with short 
amputations or weak hip abductors because the additional 
lever arm will help absorb lateral forces. 

Another basic component to the above-knee 

prosthesis is the prosthetic knee joint. Its functions 

are to ensure stance phase stability and provide swing 

phase control. There are a wide variety of designs for 

the prosthetic knee mechanisms. They range from the 

very simp1le single-axis knees to increasingly complex 

components that control the characteristic of flexion/ 

extension in various ways, 

There are many ways in which prosthetic knee joints 

could be*grouped together for purposes of description and 

classification. Veterans Administration offered a 

classification scheme which was published as Program 

Guide G-7 for the selection and application of knee 

mechanisms (1976). 

Figure 3.2.5(f) illustrates the VA classification 

scheme being applied to commercially available prosthetic 
knee joints. Class 1 includes knee mechanisms which 

provide "free knee rotation", that is knee flexion/ 
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I 
CLASSIFICATION SYSTEM FOR PROSTHETIC KNEE MECHANISMS 

CODE 

Kinematic 5 

Type_ PC 
PDA 
PLC 

PL 

a00000a0000000*0a0 

DESCRIPTION 

Single Axis 

Polycentric ttcondylarlf(Sliding) 

Polycentric, dual axis 
Polycentric, "linked condylar 
(rolling, no sliding) 
Polycentric, multi-bar linkage' 

00a*00000000000000*0900000090000000,0 
0,, 

Swinn- -N None 

Control MC Mechanical, constant friction 

MV Mechanical, variable friction 

P Pneumatic 

H Hydraulic 

C Cineplastic muscle control 
000000w&00*0000* 4ý-* 

-00a000a0000 

Stance- N None 

Control ML Mechanical lock 

MC Mechanical, constant friction 

MV Mechanical, variable frictioný 

H Hydraulic 

HY Hydraulic with controlled yield. - 
under load 

HVC Hydraulic with voluntary control- 

Other E Extension bias (swing or stance) 

features KF Knee-Foot linkage for toe life., 

in swing 

e EMG control 

Figure 3.2.5. (g). Classification system of prosthetic knee unit-s. '-, 

(from Judge, 1980) 

AL 
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extension is resisted solely by the friction inherent in 
the bolt and bushing assembly. There is no adjustment 
to the magnitude or phase of resistance. Class 2 
includes knees whose rotation is bontrolled by special 
mechanical or fluid (viz hydraulic or pneumatic) 
resistance mechanisms which permit adjustment of 
resistance to knee rotation. Class 3 includes 

mechanisms which control knee rotation by mechanical 
friction or by shifting the effective centre of knee 

rotationj or by fluid resistance devices during both 

swing and stance phases. Class 4 are "hybrid" knee 

systems which consist of two separate components - one to 

control swing phase and another to control stance phase. 
These units usually permit adjustment to the magnitude of 
resistance to knee rotation, provide variable resistance 
and are also cadence responsive. 

. 
Judge (1ý980) in his extensive survey of knee 

mechanisms for artificial legs, regarded the V. A. 

classification- scheme as inadequate in providing a 
description of the separate functional groupings. He 

adopted and extended Radcliffets (1969) scheme of 
categorisation, see Figure 3.2.5(g). As an example of 
this schemet a single-axis knee with mechanical constant- 
friction swing control and mechanical-friction stance 
control is classified as (S-MC-M). If an extension bias 
device is incorporated in the swing control then it 

would be classified as (S-MCE-M). 

Prescription of a prosthetic knee mechanism is by 

no means an easy task. There are many factors that have 

to be considered closely before any decision is made. 
The Veterans Administration also presented a proposed 

guideline to the selection of prosthetic knee mechanisms 
in their Program Guide G-7. Prescription is related to 

stump and activity level. The prescription chart, as 

shown in Figure 3.2.5(h), not only deals with prosthetic 
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tablo Prescription related to stump and activity lewl 

ActivitY level 
High. vers4tile Fairýy active Rvlativcýy inactiLIC 

Fast walker Fast walker Slow hesitant walker 
Walks long distances Mostly level ground Short distmices 
Uses stairs Walks long distances Needs stability rather 
Walks 6n hills and Minimum alignment than fine swing control 

uneven ground stability is adequate 
Alignment stability for level walking 

is insufficient for 
uneven lerrain. and 
other activities 

Stump 
Loong (50% of 

femur remaining) 

Medium (between 
30% and 5017c of 
femur remaining, 
of stump is strong. 
consider it long) 

Short (less than 30% 
of femur remaining) 

Bilateral andfor others 
involvements 

affecting balance 
Prescription a4vantages 

Prescription No. 1: 
quadrilateral total. 
contact suction socket, 
classes 3 and 4 knees; 
SAM I foot for general 
use; multiaxis foot 
for special activities 
and sports 

Prescription No. I 

Prescription No. 1: 

nonsuction suspension 
Prescription No. 1: 

Knee mechanisms provide 
best adjustable variable 
cadence response and 
extension aid and best 
nonweight dependent 
stance control 

Socket provides best control 
of knee mechanism, better 
weight distribution. better 
feedback 

Foot provides lightweight is 
prefabricated standardized. 
and has minimal 
maintenance 

Prescription No. 2: 
quadrilateral total. 
contact suction socket; 
class 2 knees: SACH 
foot for general use; 
multiaxis foot for 

special activities and 
sports 

Prescription No. 2 

Prescription No. 2 

Not indicated 

Knee mechanisms provide 
good swing contrul. 
cadence response. use 
alignment stability for 
level walking. and have 
adjustable extensions aid. 

Socket provides best control 
of knee mechanism. better 
weight distribution. and 
better feedback 

Foot provides li. -htweight is 
prefabricated standardized. 
and has minimal 
maintenance 

Prescription No. 3: 
quadrilateral total- 
contact; nonsuction 
suspension; Class I 
knees; single-axis foot 
for maximum stability 

Prescription No. 3 

Prescription No. 3 

Prescription No. 3 

Knee mechanisms provide 
positive lock-in stance phase. 
are light-weight. and low 
maintenance 

Socket provides good control of 
prosthesis, good weight 
distribution, and fe-ed back 

Foot provides maximum 
stability and adjustability 
of resistance to plantar and 
dorsiflexion 

Figure 3.2.5(h) Above-knee prosthesis. pre! ýcrilption chart 
(from V. A. Program Guide G7.1976) 
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knee mechanisms, it also includes sockato suspension and 
ankle/foot mechanisms. 

The ankle/foot mechanisms avbilable to an above- 
knee prosthesis are similar to those already discussed 
in the section on below-knee prosthetic systems. However, 
further discussion on this topic can be found in Chapter 
4. Another component which can be incorporated into the 

above-knee prosthesis is an axial rotator. This too will 
be discussed in the next chapter. 

3.2.6. Modularkssembýl ed Prostheses 

The concept of modular system for artificial limbs 
has been around for several decades. Its Introduction 

arose from the development of pylon type prostheses for 
immediate post-operative fittings. Therefore in 

prosthetics, the term modular is almost synonymous with 
tubular or endoskeletal structures. This however was 
pointed out by Staros (1979) to be "not fully correct"t 
since the crustacean (wood) exoskeletal array used for 

many years in above-knee limb construction was modulart 
at least in the assembly process. Each of the major 
elements used in the construction was in fact a module. 

In 1977, a conference sponsored by the Committee on 
Prosthetic Research and Development (CPRD) developed and 
adopted the following basic definitions concerning 
construction of artifici-al limbs : 

Modular: Having accessible a number of Interchangeable 

components which can be assembled easily and 
quickly into a prosthesis. 

Exoskeletal: Used to describe a prosthesis where the 

'supporting structure is outside of or external 
to the normal shape of the limb. 
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Crustacean : Used Interchangeably with "exoskelotal" - 
"crustacean" connotes 11sholl" whereas 
"exoskeletal" connotes "extornal support", 

Endoskeletal: Used to describe a prosthesis whore the 

supporting structure is internal to the 

normal shape of the limb. 

Endoprosthesis: A prosthesis lying inside the body. 

(Note: A prosthesis may be entirely endoskeletal or may 
be partly endoskeletal and partly exoskeletal), 

Within these working definitions, the exoskeletal 

wooden above-knee prosthesis would lose its value of modu- 
larity whenever replacement of individual components 

was required. It would be difficult to replace a major 

component in this system without re-making the whole 

prosthesis. Thus, the modularity of the endoskeletal 
designed system would be advantageous since replacement 

of components could be done fairly easily and quickly. 

Thelprimary objectives of modular systems are to 

reduce the time required to provide patients with 
functional prostheses and also to allow the possibility 

of* trying out various combinations of components on each 

patient with a minimum expenditure of time and effort. 
Other objectives are to provide for adjustability of 

alignment throughout the life of the prosthesis and 
lighter weight and also easy disassembly of components, 

permitting rapid replacement of worn or damaged parts. 
Furthermore, it should provide a better service to the 

amputee population at a very much reduced cost. 

The comMon approach to modular design is endo- 

skeletal in which feet, knee joints, sockets and other 

components are attached to a metal tube or pylon with 

clamps, screws or other devices. Cosmetic appearance is 

provided by use of a nonstructural, flexible foam cover. 



Thust one could draw up the basic elements of o modulor 
system as follows : 

(1) Socket and socket attachment to next module 
(2) Knee mechanism 
(3) Alignment coupling 
(4) Shin tube assembly (including upper and lower 

adaptors) 
(5) Ankfeýfoot mechanism 
(6) Cosmetic fairing 
(7) Cosmetic cover 
(8) Suspension cuffst belts etc. 

All of these elements (except the socket) are 
available commercially in the form of pre-fabricated 

modules. Within some of these elementst there also 

exists a range of sub-modular systems of standardised 

partso for example knee mechanisms and ankle/foot 

mechanisms. Note that, Interchangeability of components 

only exists within the production of the same 

manufacturer. 

- At the Ascot Meeting in 1972 an Lower Limb Modular 

prostheses, the ctiscussion group on sockets condemned the 

use of prefabricated sockets. Since no two stumps are 
the same, each socket must be custom-made or "bespoke". 

MdDougall and Emmerson (1977) described the use of 

preformed sockets on both below- and above-knee primary 
amputees. They selected a suitable preform 

* 
ed socket for 

a patient and fitted it to the stump. Because the socket 

material is transparent, they could estimate and apply an 

appropriate sized foam rubber pad to ensure*total-contact. 
They claimed thaý this method is'safe and a prosthetist 

can fit the limb within the hour. However, this method 
has to be viewed with caution. There is no report of a 
follow up of patients supplied with these sockets. At a 
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Figure 3.2.6(a) Modular Socket. System 

-(redrawn from Rosýs, 1969) 
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glance, this method would not fulfil the basic principles 
in socket constructiont that is$ provide accurate relief 
of pressure sensitive areas and adequate support in 
tolerant areas. 

Thereforep what is required are prefabricated 
socket modules that could be modified accurately to suit 
each particular stump. The following are two such 
suggestions : 

Staros et al (1969) reported a method developed at 
the Veterans Administration Prosthetics Centre (VAPC) for 

producing accurately fitted below-knee sockets by forming 

a thermoplastic material directly on stumps. This 

material can be reheated and reformed to suit a maturing 
stump. They suggested that prefabricated socket modules 
based on appropriate fitting principles for all amputa- 
tion levels can be made and given a refined fit an the 

patient. One obvious disadvantage of this material is 

that excessive heat exposure (viz leaving limb in the 

sung in the boot of a car on a hot day or leaning against 

radiator) can cause distortion. 

Another method in producing socket modules was put 
forward by Ross (1969). The outer form of the socket Is 

relatively unimportant in this design, it could be 

conical or cylindrical in shape. The. inner form initially 

takes after the outer form and would be such as to 

provide a suitable surface for the retention of a cast in 
liner to match the plaster cast of the stump. To produce 
a specific-socket for a particular patient would be 

simply to select the nearest size of standard socket 

moduleg insert the modified plaster cast and finally fill 

the intervening space with a suiiable resin which would 
bond itself to the socket module, see Figure 3.2.6(a). 
The main difficulty is to find a suitable resin. 
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Neither of these methods has been evaluated 
thoroughly to show their suitability in the modular 
system. Current practice with sockets in the modular 
system is still to produce them conveptionally by 

plastic lamination processes* 

There are two differing opinions In the alignment 
system of 

* 
the modular approach. Some manufacturers 

designed their alignment device, which requires to be 
removed or transferred out of the assembly after 
completion of dynamic alignment while others have their 
alignment component as part of the final structure. It 

would seem that the latter system is at a distinct 

advantage in that it provides the possibility of alignment 
adjustments throughout the-effective life of the 

prosthesis. Moreovert it eliminates the transferring 

stage in the construction process. 

The range of alignment adjustability needed for the 
fitting process units was spec. ified In the CPRD Report 
(1971); that is alignment units should possess the 
following minimum adjustability : 

Range of motio6 in flexion-extension 8 deg 
Range of hiotion in adduction-abduction 8 deg 
Horizontal movement in mediolateral plane 20 mm 
Hori*zontal movement in anteroposterior plane 20 mm 

These range of alignments were agreed upon at the DHSS 
Ascot Meeting in 1972, but it was recommended that for 

above-knee units provision be made for adjusting the 

relationship of the socket with respect to the axis of 
the knee about the long axis of, the. socket or thigh. A 

range of + 10 deg was recommended. 

An evaluation'programme was carried out at the 
Bioengineering Unit, University of Strathclyde on 
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commercially available modular systems. The first report 

on the evaluation programme was directed towards below- 

knee systemst Solomonidis(editor)(1975)9 and the second 

report was an above-knee systems9 Solomondidis (editor) 

(1980). The evaluation had two principal aims : to 

provide design Information relating to the clinical and 

constructional requirements of modular assembly systems 

and to permit comparative judgements to be made about 

different systems with regard to their clinical suitabi- 

lity and physical features. 

In the 1975 report, six systems were included In 

the evaluation, viz Siomechanical Research and Development 

Unit (BRADU), Blatchford, Otto Bock, Hanger, Veterans 

Administration (VA) and Winnipeg. Altogether, 23 patients 

participated in the evaluation. Each patient was 

supplied with a conventional PT13,, to give the patient 

a "standard" against which to judge each modular limb. 

Parameters used in the evaluation included objective 

measurements of the alignment of the prostheses, the time 

taken to construct the prostheses, the weight of the 

prostheses etc. and subjective impressions of patient, 

surgeon, prosthetist and prosthetic technician. 
0 

It is interesting to note that the conventional PTB 

was found to be signifiantly lighter than the modular 

systems evaluated. It was stated that none of the systems 

evaluated was considered as fully developed and that 

information obtained from the project should be useful 

in their evolution. Almost 10 years have lapsed since 

theoriginal below-knee evaluation. Most of the modular 

systems will now have been updated and improved. It may 

be worthwhile finding out the effect of the evaluation on 

the improvement a-nd also the extent to which each system 

has been improved. 

The above-knee systems evaluation reported in 1980 

'IN 
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investigated products of four manufacturerst namely 
Blatchfordq Otto Bockq Hosmer and United States 

manufacturing company (USMC). Twelve patients 
participated fully in the evaluation program. Each 

patient was fitted with each of the four modular systems. 
In an attempt to reduce the variables as much as possibles 
the socket and prosthetic foot were "standardized". The 

simplest knee unit available incorporating swing phase 
control iý each of the modular systems, was used. The 

areas of evaluation were similar to the below-knee systems 
evaluation except that more parameters were involved. 
Furthermoret the dynamic loading characteristics were 
measured by a pylon force transducer. 

- All the systems evaluated were found to be 

clinically acceptable. Load analysis on all the systems 
evaluated showed similar force and moment patterns 
transmitted by the patient's hip joint during stance 

phase. No difference was detectable. Howeverg the USMC 

and Hosmer systems were found to be heavier than the 

patient's own conventional limb, and their use of a 
"transferred-out" alignment device bears no advantage 

over-the conventional wood set-ups. The Blatchford and 
Otto Bocý were found to be the preferred systems for limb 

fitting service in Britain, although it was also pointed 

out that these systems still have several disadvantages 

and require further development. 

Several recommendations were made in the light of 
the evaluation results : (i) The design of a new genera- 
tion modular assembled prostheses using information given 
in the report was called for; (ii) Evaluation of the 

various procedures used in bench alignment of prosthesis 

and also on the understanding of the patient's tolerance 

in relation to dynamic alignment; (iii) More work is 

required in the area of cosmetic restoration and 

evaluation of more sophisticated knee mechanisms. 
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BELOW-KNEE PROSTHES)EM 

SOCKET SUSPENSION % 

PTB dith insert 53 cuff 58 

PTB hard socket 37 SC-Sp (PTS) 16 

PTB air cushion' 1 Corset 14 

Supracondylar 
Wood 6 wedge 9 

Other 1 Other 3 

TOTAL 100 TOTAL 100 

'NT POOT-ANKLE COMPONE 

SACH al 

Sirigle axis 15 

Other 4 

100 

Table 3.2.7. (a). *Prescription of BK Pr. osthetic 
Components. 
(from Fishman et al., 1975) 

um 
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At the present moment in the Bioengineering Unit, 
University of Strathclyde there is an on-going project 
on the understanding of patients' tolerance towards 
dynamic alignment and an attempt to quantify "optimum" 
alignment of modular assembled prostheses. 

3.2.7. Surveyof Prosthetic Practice 

Over the years several studies have been conducted 
to supply data concerning prescriptions of prosthetic 
components, notably : Litt and Nattress (1961), Davies 
et al (1970) and Fishman et al (1975) in the United 
States and the previously referenced D. H. S. S. amputation 
statistics for England, Wales and N. Ireland (1976 and 
1980). 

The terminology used in the D. H. S. S. reports is 

somewhat different from that used by researchers in the 
U. S. A., thereby restricting comparison of the practice 
adopted in both countries. The following discussion will 
be limited to prosthetic practice exercised on the below- 

and above-knee amputations only. 

Fishman et al (1975) reported an overwhelming 
prescription choice of the PTB design prosthetic sockets 
for the below-knee amputees; 91 percent of all sockets 
compared to 58 percent reported in the Davies et al (1970) 

survey. A breakdown of the prescribed below-knee 

prosthetic components presented by Fishman et al is as 
shown in Table 3.2,7(a). A great majority of the PTB 
sockets utilized a soft insert, although it was found 
that a number of prosthetists regularly fitted hard- 

socket PTB prostheses. The traditional carved wood 
socket was used in only 6 percent Of the below-knee 

prostheses as-compared to 38 percent reported by Litt and 
Nattress (1961). 
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Cuff suspension was found to be most frequantly 

prescribed: 58 percent of all the below-knee prostheses. 
Side joints and thigh corsets were utilised for 14 per 

percent of the patients. The SACH foot was prescribed 

for 81 percent of the below-knee amputees, which 

reflected greater use than the 73 percent reported by 

Davies et al. 

Tabie 3.2.7. (b) illustrates the breakdown of the 

prescribed above-knee prosthetic components presented by 

Fishman et al. Eighty-six percent of all sockets were 

made of plastic, 80 percent were designed for total 

contact and 97 percent are quadrilateral shaped. The 

remaining small percentage of sockets that did not 
dispilay these characteristics was attributed to long- 

time amputees who were reluctant to change. This was 

claimed by Fishman et al. 

The single most widely prescribed suspension method 

was the pelvic belt (34%). This was attributed to the 

significant numbers of elderly people in the. lower limb 

amputee population, 61though this figure did represent 

a decrease when compared to 56 percent reported by Davies 

et al. The suction technique, either used alone or in 

combination with a silesian or pelvic belt accounts for 

61 percent of the total suspension prescription. This 

indici-ated a wide acceptance of the pressure-differential 

principle and the recognition of its advantages. 

The simple single-axis knee with friction was 

reported to be the most extensively used knee component 
(42%), although, when compared to Davies et al (56%) it 

represents a decrease. The two. 
_other 

major'knee 

components used were the friction-locking knees (23%) and 

hydraulic or pneumatic units (22%). Polycentric Units 

accounted for only 2 percent of the knees prescribed. 
Fishman et al were not clear if this sparse use of 
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N 
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components used were the friction-locking knees (23%) and 
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IN 
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polycentric components is the result of dissatisfaction 

with their function or through lack of information, 

availability of components and experience with those 

units. The SACH foot accounted for 74 percent of the 

total foot-ankle components prescribed to abovo-knee 

amputees. This is a significant increase from the 55 

percent reported by Davies ot al. 

The modular assembled prostheses (MAP) were not 

widely prescribed. Only seven percent of above-knee 
amputees and 9 percent of below-knee amputees were 
prescribed with the modular system. Fishman et al 

suggested that these components will become increasingly 

popular as clinical experience brings further design 
improvements and wider availability with lower unit cost. 

Fishman et al concluded that a relatively small 

number of components make up the prescriptions for a 

relatively large number of the patients in each of the 

categories discussed. For the below-knee amputation, the 

usual prosthesis prescribed consists of a PTO socket with 

a soft insert (53%), cuff suspension (58%) and a SACH 

foot (81%); for the above-knee amputation, the usual 

prostheýis prescribed consists of a quadrilateral socket 
(97%), one designed for total contact (80%) with suction 
suspension (either alone (32%) or ih combination with 
other suspension means (29%)), a single-axis knee unit 
with adjustable friction (42%) and a SACH foot (74%). 

This they suggested, could be an indication to propose 
the concept of a "standard" prescription for the two 
levels of amputation and supplementaty information 

regarding circumstances requiring modification of the 

standard prescription could be presented. 

From the DHSS annual amputation Statistics report, 
data collected in 1976 and 1980 are used in the follow- 
ing t. o trace the trend of prescription practice in the 

p., 
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BELOW-KNE2 PROSITIESES 

1) Type of Prostheses 2) Socket Design 
fitted 

1976 19eo 
1976 1980 

None 34 0.60,, a Metal leg 28.70/. 28.1% Conventional 19.5% 
Wooden leg 0.6% 0.4% Proximal 
Plastic leg 13 . OP/. 12.4% 

Bearing 50.9% 64. lola 
Peg/pylon Permanent End Bearing 1. (r" 04, 7ýo 
issue 10.1% 11.7%, 

Total Contact 11.1% 3.41 11 
Modular Prostheses 47. NO 46.4% Total Bearing 3.30 f, 01 

, , 

Others o. 6V. 1.00% Suction 
, 

0- 1%, 0. 
TOTAL 100-00% 100.050 Others 10.611io 13-20-C 

TOTAL ý-100.0ý0 10 0. 

Prosthetic feet 
1976 1980 

None 6.2% 6.0% 
Uniaxial 88.754, 88.5% 
Poliaxial 0.31,11cý 0.1%, 
SACH 0.5% 0.6% 
others 4.3% 4.80%, 

100.0% 100 - 0%. 

Table 3.2.7. (c). Prescription pattern of BK prostheses 
(extracted from_DHSS, 1976 & 1980) 
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United Kingdom. 

Table 3.2.7(c) shows the prescription pattern of 
the below-knee prostheses. As far as the type of 
prosthesis fitted was concernedv there is no significant 
difference between data collected in 1976 and 1980. The 
modular prostheses accounted for 46.4 percent whereas the 
metal leg was 28.1 percent in 1980. An astonishing fact 
is that tHe peg or pylon issued on a permanent basis 

accounted for 11.7 percent. The description of socket 
designs used by the report makes it difficult to relate 
them to their more popular names. Single-axis foot was 
most extensively prescribed, accounting for 88.5 percent 
and SACH foot was only used for 0.6 percent of the total 
below-knee prostheses. 

Table 3.2.7(d) shows the prescription pattern of 
the above-knee prostheses. There is a significant 
decrease in the use of modular assembled prostheses from 
31.6 percent in 1976 down to 26.2 percent in 1980. The 

most widely fitted prosthesis is the metal type legg 

accounting for 44.3 percent. Peg or pylon on permanent 
issu. e accounted for a surprising 25.9 percent of the 
total aCove-knee prostheses-fitted. The quadrilateral 
shape socket is only prescribed for 5.3 percent of the 
total, although this represents a significant increase 

since 1976. (O. B%). 75.8 percent of the sockets fitted are 
of the proximal bearing type. Only one percent of the 
total was fitted with a suction socket. The majority of- 
the knee mechanisms prescribed have no knee control 
whatsoever (82.2%), and only 11.2 percent h'ad adjustable 
constant friction swing control-mechanisms. 63.9 percent 
of the knee mechanisms fitted have semi-automatic knee 
lock, while 13.9 percent were the hand operated type and 
12.9 percent had no knee-lock device. The single-axis 
foot was extensively prescribed for the above-knee 
prosthesis as wellt accounting for 72.7 percent. There 
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of the proximal bearing type. Only one percent of the 
total was fitted with a suction socket. The majority of- 
the knee mechanisms prescribed have no knee control 

whatsoever (82.2%), and only 11.2 percent h'ad adjustable 

constant friction swing control mechanisms. 63.9 percent 
of the knee mechanisms fitted have semi-automatic knee 
lock, while 13.9 -percent were the hand operated type and 
12.9 percent had no knee-lock device. The single-axis 
foot was extensively prescribed for the above-knee 
prosthesis as well, accounting for 72.7 percent. There 

N 

N 
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ABOVE-VITE--' PROSTHE'S'"S 

Tvpo of loci fitted 

1976 19 80 

Metal leg 44.1% 44.3% 

Wooaen leg 0.2% 0.2% 

4plastic leg 0.3% 0.5 

Peg/. Flylon Permanent 
40 Issue 22.9% 25.9% 

Modular Prostheses 31.6% 26.20%. 

Others 0.9% 2.9% 

10 0. or/, 10 0- 01,40 

Sockf-_t T)esic; n 
1976 19, '() 

N one 0.4% It '0 . 31., 1o 

conventional 18.911,1o 12 - 20,, a 
Proximal Bearing 73.4% 75. Lýo 

End Bearing 4.70% 3. 'P,. I 

Quadrilateral 0. &/, k) 5.3, ooo 
Total Bearing 0.2% 0.40,1. 

Suction 00% 
Others 1%. 1.31.4. 

3) 'Knee Control 
1976 1980 

None 79.7V. 82.2% 

Cent-ral knee 
Control 0.7o,,,. 1.2% 
Constant Friction 13. ela 11.2%'? 
Interrupted 
Friction I. 8D/ i. OF/. 

Swing Phase Control 4 3.1%. 2.401 /0 
4-Bar Linkage M., 
Others 1.00% 2. ODjQ 

4) Knee Lock 

None 

Hand Operated 

Semi-Automatic 

Stablised knee 

Others 

100. e/. 100. (Y/. 

5) Prosthetic feet 

None 

Uniaxial 

Poliaxial- 
SACH 

. 
Others 

1976 1980 

12 . 65a 11.50,0 

78- So, 'j 72.7550 

6.75'. 9 7? '> 
100.00111) 10 0 ciol 

, 100. M, 10 0. Oell. 

197ý 19-00 
12.3ýo 12 . 9lo 
lo. e/. 13 .9 . it -'. 
64.3% 63.9*, o 
10 6.60., 

22 

10 0 100 G10% 

Figure 3.2.7. (d). Prescription pattern of AK 'prostheses 

(extracted from DHSS, 1976 & 1980) 
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is a significant increase in ýhe prescription of SACH 

feet (6.1%) in 1980 as compared with only 1. ý61/'6' in 1976. 

From the data presented, it seems that the 

prosthetic practice in the United Kingdom is very much 
different from that in the United States. In the United 

Kingdom, the usual prosthesis fitted for the below-knee 

amputee was the modular assembled type (46.4%). The 

socket deAgn most widely used was the proximal bearing 

type (64.1%). There is no information available on the 

types of suspension methods that were employed. However, 

the 28.1% of metal legswould definitely have thigh corset 

and knee joint. The single-axis foot was overwhelmingly 

prescribed *(88.5%), which is a complete contrast to the 

Fishman et al (1975) report 
*. 

For the above-knee amputa- 
tion, the usual prosthesis fitted was the metal leg type 

(44.3%). The suspen'sion systems of metal leg used 
includes either shoulder suspenders, pelvic band with 

hip joint or Silesian belt. The proximal bearing type 

of socket design was usually prescribed (75.8%) with no 

swing phase knee control (82.2%) and semi-automatic knee 

lock (63.9%). The single-axis foot was again the foot 

of choice (72.7%). 

T. he contradicting prescription practice on pros- 

thetic feet between both U. K. and U. S. A. presented in the 

discussion-was one of the primary reason for this project. 

.............. ... 
3.3. Biomechan, iral'Analysis of Prosthetic Gait 

The variability of data obtained in prosthetic gait 

studies is so wide that it makes generalisation of gait 

pattern for a particular level of amputees very difficult. 

The principal factors affecting the variability of 

data are : 

IN 
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0 

The contradicting prescription practice on pros- 
thetic feet between both U. K. and U. S. A. presented in the 

discussion-was one of the primary reason for this project. 

3.3. Biomechanical Analysis of Prosthetic Gait 

The variability of data obtained in prosthetic gait 

studies is so wide that it makes generalisation of gait 

pattern for a particular level of amputees very difficult. 

The principal factors affecting the variability of 
data are : 
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a) comfort and alignment 
b) mechanical characteristics of the prosthesis 

C) skill and coordination of the subject 
d) training effects 

e) speed of walking 
f) fatigue 

g) physical and psychological condition of the subject 

In addition to the above factors, variability of 

data is also affected by the environmental conditions of 

the experiment. 

Therefore, for any realistic assessment of 

prosthetic gait to be made, as many variables as possible 

have to be removed. This may mean imposing certain 

constraints on the selection of patients and the type of 

prostheses to be worn, thus validating the "control group" 

assessment concept. 

An acceptable prosthetic gait must be that with 

absolutely minimal gait deviation. In addition, the 

patient should feel secure and comfortable with It and. 

furthermore, minimal energy should be required to operate 

the prosthetic leg. For a thorough evaluation of this 

gait, not only a subjective examination is required but 

an objective recording and assessment are also essential. 

Most of the instrumentation and measurement 

techniques discussed in Chapter 2 are capable of this and 

have been used in assessing prosthetic gait. The 

criteria in these assessments fall into three areas 

kinematics, kinetics and energy requirement. 

3.3.1. Kinematic Assessment 

The extensive research program conducted in the 

University of California, Berkeley (UCB) in 1947, used 

Ik 
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the interrupted light photographic technique and a gloss- 
walkaway with cinocamera recordings to onalyse and 
compare gait patterns of normal subjects and amputees. 
It was concluded that an overagot the below-knee amputee 
takes a longer step with his normal log than he does with 
his prosthesis whereas the above-knoo amputee takes a 
longer step with the prosthesis. Normal subjects have a 
longer stride than the below-knee amputee. Displacement- 

time dita showed no significant difference between a 

normal subject and a below-knee amputoeq except that a 

greater vertical displacement was recorded for the below- 

knee amputee. The above-knee amputee demonstrated a 

much greater vertical idisplacement of the greater 
trochanter than the normal subject. It was also observed 
that the knee pattern of the above-knee amputees 
indicated the manner in which the amputee throw his 

prosthesis forward during the swing phase In order to 

have the leg fully extended when the heel makes contact 

with the floor. 

The maximum and minimum horizontal velocities of 
the below-knee prosthetic log were of the same magnitude 

as those of the normal subject in level walking but the 

shapes df the curves were different. The knee joints of 
the above-knee prostheses had a slightly higher 
horizontal velocity than those of the normal subject 

whereas the ankle velocities were somewhat lower. There 

were many differences between the horizontal accelerations 

of the normal subject and the amputees. Reversals in all 
the acceleration curves were much more numerous for the 

above-knee amputee and the maximum acceleration of the 

knee for the above-knee prosthetic leg was unusually high. 

Harmonic analysis was appl ied to the angular 
displacements from the vertical of thigh and shank. It 

was claimed that the characteristic differences between 

normal subject and amputees stand out much clearer in 
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harmonic terms. However, it was recognisod that the 

small sample of data (viz three normal subjectq two 
below-knee amputees and two above-knee amputees) did not 

warrant any final conclusions. 

The total pelvic tilt in the above-knoe amputees 
was ten degrees while the normal subject's was only six 
degrees. The higher magnitude of pelvic tilt was to help 

swing the prosthesis through. During the stance phase# 
it was noticed that the artificial knee joint of the 

above-knee prosthesis remained locked for a greater part 
of stance phase, this showing a difference from the two 

peak pattern of the normal subject's knee flexion. 

The transverse rotation between the shank and foot 

of the prosthetic leg of the above-knee amputee was zerot 
while the prosthetic shank rotated a total of 13 degrees 

with respect to the pelvis. This value was 17.2 degrees 
for normals (an average taken from 12 subjects)l where 
9 degrees of rotation took place between the femur and 
tibia and 8.2 degrees were between the femur and pelvis. 
Since no transverse rotation is possible between the 

prosthetic shank and thigh section, some of the rotation 
must haýe been taken up by the hip joint, while the 

remainder occurs between the stump and socket. When an 
ankle rotator was used, 11 degrees of rotation took place 
during the stance. The investigators claimed that this 

would undoubtedly relieve the patient of much discomfort 
due to the stump twisting in the socket. The magnitude. 
of pelvic rotation of the above-knee amputee was much 
greater, this being to help in swinging the prosthesis 
through. 

The above-knee amputee's pelvis was observed to 

list much more to the amputated side during heel contact, 

placing the stump more directly into the socket and thus 

preventing too great a pressure upon the lateral side of 
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the stump end. The in vestigators affirmod that postural 
compensations were necessary because of deficiencies 
inherent in the above-knee stump and that optimum 
prosthetic alignment, adjusted to-resemble the normal 
is limited by the lack of muscle power to maintain 
certain positions. 

Although, the UCB (1947) report Is a classic in its 

own rightg there are a few drawbacks. The investigators 

were quick to realise that they had only a small amount 
of datat which could not be used to make concrete 
generalisation. Furthermore, comparison with data 

obtained by the investigators would be difficult since 
no control of variables was made. 

1b 

Fishman et al (1953) at Now York University, 

conducted a very thorough evaluation on an experimental 
hydraulic prosthesis for above-knee amputees. In their 
biomechanical analysis, interrupted light photography, a 
force plate. and tachograph were used. Alto9ether 10 

above-knee amputees participated in the evaluation 
programme. Analysis was performed on both the amputees' 
own "conventionaln prostheses and the experimental 
hydraulic legs. Data for normal subjects were also used 
for comparison. 

At free walking speeds, the mean walking cadence 
increased significantly while wearing the hydraulic leg 
(viz from 90.4 to 96.1 steps per min). The step time 

ratio of the good leg to the prosthetic leg while wearing 
the hydraulic leg, also increased significantly from 
0.78 to 0.88. There was a decrease in the time of double 
support with increasing cadence for the hydraulic leg, 

which more nearly duplicated the curve for non-amputees. 
It was concluded that there were strong indications of a 
more symmetrical gait with the hydraulic leg. 
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Temporal Murray James and Leavitt 
Components et al(1980) Oberg(1973) et al (1972) 

(10 subjects) (34 subjects). (20 subjects) 

Mean. 
. 
(+', l' S-. -D) 

Stance Phase(sec) 
Sound 0.94(0,12) 0.92(0.10) 0.94(0.13) 
Prosthetic 0.80(0.07) 0.80(0.08) 0.83(0.10) 

Swing Phase(sec) 

Sound 0.43(0.04) 0.49(0.04) 0.48(0.05) 
Prosthetic 0.58(0.06) 0.61(0.03) 0.60(0.06)- 

Double Support 
(sec) 

Sound 0.17(0.04) 0.15(0.04) 0.14(0.04) 

Prosthetic 0.20(0.06) 0.15(0.04) 0.18(0.04) 
Sound-StanceM 69 65 66 

31 35 34 

Prosthetic 

StanceM 58 57 58 

-Swing(%) 42. ... 43 ....... ... 42. 

Walking Speed 
(cm/sec) 100(16) 94(15) 

Cadence(Steps/min) 87(7) 85(-) 

Cycle duration(sec 1.38(0.11) 1. *41(0.12) 

Stride length(cm) 

Sound 64(g) 62(g) 

Prosthetic 72(8) 68(g), 

Stride Width(cm) 17.4(3.6) 10.1(3.4) 

Figure 3.3.1(b) Temporal factors f-or above-knee 

Amputees 
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The speed of amputee gait (level walking) and the 
total range of velocities increased significantly with 
the hydraulic log. The stride length with respect to 
increasing cadence approached closer to the non-amputec 
trend when the amputee wore the hydraulic log. There 

was generally a much smoother and more symmetrical gait 
with the hydraulic log than with the conventional one. 

The findings of Fishman at al (1952) indicate that 

significant changes do occur in the above-knee 
prosthatip gait pattern when different types of 
prostheses are used. Bartholomew (1952) showed that 
different types of knee mechanisms will produce different 

recordings of the shank angular accelerations, sea 
Figure 3.3.1(a). Bresler at al (1957) presented data 

obtained from twelve runs made on four above-knee 

amputees wearing different knee mechanisms. Although the 
data presented were not large enough to be conclusive, 
significant differences were observed in the anklaq knee 

and hip angles when different knee mechanisms were used. 

James and Oberg (1973) studied the gait of 34 

unilateral above-knee male amputees, all except one being 

fitted with quadrilateral total-contact suction socket. 
Most of the prosthetic knee units used had a stability 
mechanism with swing-phase control and most of the 

prosthetic feet used had an articulated ankle joint. No 
description was made of other types of knee unit and 
prosthetic ankle/foot mechanism used. It was concluded 
that the above-knee prosthetic gait was characterised by 

considerable asymmetry with regard to stance and swing 

phase duration and step length. They found that the 

subjects took longer steps with the prosthesis than with 
the intact leg and the stance phase of the prosthesis 

was shorter than that of the intact leg. They attributed 
these effects to the prosthetic leg being prevented from 
having full hip extensiont by the pressure of the 
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prosthetic socket against the ischial tuberosity. 

Godfrey et al (1975) investigated the gait 
characteristics of seven male abovo-knoe amputees; each 
one was fitted with six different types of knee units in 
sequence. It was reported that the stop length of the 
intact log follows closely that of the prosthetic limb. 
It was suggested that this was most likely due to the 
close attention paid to alignment and construction of 
comfortable sockets. It was concluded that each subject 
walks with a characteristic gait pattern of his own on 
any stable prosthesis and that complex knee units do not 
necessarily give a better gait. This however has to be 
substantiated by further kinematic as well as kinetic 

evaluation. 

Murray et al (1980) studied the gait pattern of 10 

above-knee amputees using constant-friction knee -T 
components in their prostheses. Half of the sample had 

suction suspension while the other half had pelvic band 

suspension. Six had a SACH foot and four had a single- 
axis anklet with either a wooden foot or a wooden foot 

with compressible heel/toe. Six had an extension aid on 
the prosthetic knee and four did not. Data were presented 
as an average of the 10 amputees, no distinction was made 
with regard to the effects of the different prosthetic 
components on the prosthetic gait. 

Figure 3.3.1(b) shows the temporal factors presented 
by James and Oberg (1973) and Murray et al (1980). The 
differences in the values may be duo to many other factors 
besides the different prostheses worn by the amputees. 
Murray et al found that the amputees had an abrupt 
reversal of the riesidual hip from flexion to extension 
just after heel-strike of the sound limb. The prosthetic 
knee did not yield into flexion in the early stance phase 
and the maximum knee flexion during swing was similar for 
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Temporal Components Molen et al(1973) 
(13 subjects) 

Breakey(1976) 
(5 subjects) 

Stance PhaseM 

Sound 67 62 

Prosthetic 64. 60 

Swing Phase 

Sound 33 38 

Prosthetic 36 40 

Double Support Phase(%) 

Sound 17 11 

Prosthetic 14 9. 

Figure 3.3.1(d) Temporal factors for below-knee 

Amputees 

I 
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the sound and prosthetic limb, see Figure 3.3.1(c). It 

was observed that when the prosthetic knee flexion was 
excossivop the prosthetic hool rise was also excessive, 

Kay at al (1957) at Now York University# conducted 
an evaluation on the Navy Colastic Soft Socket for below- 
knee amputees. Instrumentation methods used In their 
biomochanical analysis were the some as those used by 
Fishman et al (1953). Altogether# eleven below-knea 

amputees participated in the evaluation programme. The 

main feature in the prosthesis being evaluated was the 

celastic soft socket insertv otherwise the whole 
prosthesis was the same as the thigh-corset-with-joint 

type of wooden socket prosthesis. 

No significant difference was found when using the 

soft socket insert. Although there was a significant 
increase in the ratio of stride lengths which indicated 

that the soft socket insert could be providing a slight 
increase in the feeling of security and stability. 

NI- 

Molen et al (1973) and Breakey (1976) both presented 

studies conducted to evaluate the gait of unilateral 
below-knee amputees. Molen et al carried out their work 

on 13 below-knee subjects but no description was given of 
the type of prostheses their subjec7ts were wearing. 
Breakey had 5 below-knee subjects, each wore a PTS 

prosthesis with supracondylar suspension and a SACH foot. 

The temporal factors obtained from these two Investiga- 

tions are presented in Figure 3u3.1(d). Although, the 

differences in the values may be due to the different 

types of prostheses usedq other factors too may have 

influenced the variation. 

Breakey reported that the loss of a normal foot and 

ankle in the below-knee amputee resulted in a longer 

stance phase duration in the normal limb and a shorter 

k 
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stance phase in the amputated limb. This characteristic 
was also reported by UCO (1947). The foot-timing during 
stance phase was found to be different botwoen the sound 
and prosthetic limbs. Foot-flat an the affoctod side was 
longer than the normal side and hool-off an the affected 
side occurred much earlier than the normal side, see 
Figure 3.3.1(e). This was attributed to the lack of 
true ankle function in the prosthetic limb since the 
prosthetiý foot used was a SACH foot. Knee motion in 
the amputated limb was found to have the same general 
pattern as seen In normal knee motion. However, the 
magnitude of knee flexion in the amputated limb was 
reduced in stance phase, at too-off and at peak knee 
flexion during swing phase, see Figure 3.3.1(f). 

3.3.2. Kinetic Analysis 

The pylon studies conducted at UCB (1947) were 
directed to the recording of forces and moments an the 

shank. It was found that the forces acting an the shank 
were essentially the same for both above- and below-knee 

amputees. This was suggested to be due to the great 
number of variables such as type of log, alignment, 
wearing time and 'length of stump, and also partly to the 

small number of subjects tested. One above-knee amputee 
was tested to determine the effect an the forces of the 

changes from the standard pelvic belt type to the suction 
socket type leg. The results indicated that the amputee 
was placing more weight on his prosthesis while using the 

suction socket. It was concluded that the difference in 
loads due to the type of leg showed that alignment and 
fit have a great Influence an forces on the shank. 
Furthermoreq greater stability w as qvidenced by the 

smaller lateral moments in the various walking activities, 
while using the suction socket. This also resulted in a 
more symmetrical looking gait. 



126a 

too 
VERTICAL 

1- 140 
LOAD ýX 1), 

Ro 

100 

IL so 

60 - 

40 

to WORUM. 1.94 

04 

to to 3" so so 70 G* to 100 110 Q* 130 140 

PERCENT OF CYCLE 

40 
F RES AFT 

SH CAR 

0 

LATERAL 
SHEAR 

0 too TORQUE 

' 2 ýZ5 
-too 

10 go 30 -10 so go To so so too Ito Ito 1341 1,40 

PERCENT OF CYCLE 

FIG. FLOOR REACTIONS ON THE FOOT 
SEVEN ELK. SUBJECTS WALKING LEVEL 

sulitcl pull STEPS PER 
31VINGE 11 wlxvTc 

1,08 to 
for 1"4 too 
too sell to 

IS of 0 
IT$ IT 

Of 
of UNIVERSITY OF CALIFORNIA 

074 lots off PROSTHETIC DEVICES RESEARC? i 

Fig ure 3.3.2(a) Ground reactions of Below 

Knee amputees 
(from Cunningham, 1950) 

lb 



126 

The UCD group also made extensive studios with the 

force plates. Further results obtained in this area 

wore reported by Cunningham (1950). Ground-foot 

reactions of seven below-knoo and cloven abovo-knoo 

amputees during level walking wore presented. Each 

group of results was observed to have a range of 

variations. The main factors effecting these variations 

were given as the speed of walking and the ratio of log 

length to stride length. Other variables included 

weight of subjectq body build, degree of disarticulation 

and comfort during walking. 

Figure 3.3.2(a) shows the ground-foot reactions 

of seven below-knoe amputees. The vertical force 

component showed the typical two-peak patternt although 
it is evident that more weight was carried by the 

natural leg than the prosthetic one. This is because the 

natural leg takes over part of the function of the 

prosthetic leg In producing the upward movement of the 

body which allows it to maintain an average elevation. 
The second peak of the prosthetic side was much lower 

than that of the normal. This was attributed to the lack 

of push-off mechanism in the prosthetic foot. The fore 

and aft shear forces of the prosthetic leg also 
demonstrated this characteristic . The below-knee 

amputee. however can be expected to walk as well as 

non-amputees of comparative health since the knee and hip 

are intact. With good alignment of a well fitting 

prosthesis and correct walking training, the below-knee 

amputee can be regarded as having minimal disability, 

with a near normal gait, the loading being shared more 

equally between the sound and prosthetic limb. 

The ground-foot reaction data for above-knee ampu- 
tees are very*different from those of non-amputees. Eberhart 

et al (1947) explained that the middle peak of the 

vertical load for the sound log was due to the raising 
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of the hip an the prosthetic side when swinging, thus 

producing a downward reaction on the weight bearing 

normal log which was transmitted to the force plate. 
Some vertical load curves for the prosthetic side also 
had three peaks. In those Instances, It was due to the 

attempt made at moving the centre of gravity of the 

trunk over the prosthesis during weight bearing. This 

was because the amputees had lost the use of the log 

abduct6r muscles, The prosthetic log also could not 

adequately control the downward movement of the hip joint, 

which resulted in the amputee taking a longer time to 

move the artificial log forward than with the sound logo 

although the distance moved may be shorter. Eberhart et 

al (1954) considered these force pattern to be reprosen- 
tative of a typical above-knee amputee with poor gait 

performance. It was stated that with proper attention to 

prosthetic fitv alignment and trainingg the performance 

of an above-knee amputee can be greatly improvedt see 
Figure 3.3.2(b)t although, the vertical load is still not 

carried equally by the sound and the prosthetic lego the 

sound leg providing more. than its normal share. The time 

spent on the two legs was more or less the same. 

Bresler et al (1957) reported on a kinetic study 

involving four above-knee amputees wearing different 

types of knee mechanisms and walkirig at different speeds. 

Results an the antero-posterior moment at the ankleg knee 

and hip of both the natural and prosthetic logs showed 

varying patterns of curves, which indicated the influence 

of the knee mechanisms and speed of walking. Variation 

from subject to subject wearing the same knee unit and 

walking at the same speed was also clearly Illustrated, 

thus, demonstrating the need to have control over 

variables that would effect gait Pattern in comparative 

studies. 

Cappozzo et al (1975) presented a similar sort of 
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study; however only two abovo-knoo amputees ware tested, 

each wearing a singlo-axis knee unit with no swing 

control and a SACH foot. The analysis was performed 

with the amputees walking on level ground at their 

normal cadence. It was found that the high flexing 

moment at the knee joint of the normal log during early 

stancot was duo to the prosthetic limb being unable to 

control the forward falling of the body, resulting in 

the normal log striking the ground at a considerable 

velocity. Furthormorep only a small flexing moment at 
the hip joint of the prosthetic leg during early swing 

was found to be sufficient to accelerate the prosthesis. 
This implied that active planter flexion of the foot is 

not essential as far as acceleration of the prosthesis 
is concerned. 

3.3.3. Eneray Requirement Studies 

Fischer and Gullickson (1978) carried out a 
literature review an the energy cost of ambulation in 

health and disability. Table 3.3.3(a) and (b) show 

summaries of results obtained from various investigations 

on energy cost of ambulation in below- and above-knee 

amputees respectively. The general conclusions drawn 

from averaging the results of those studies in which 
subjects chose their own speed of walking were: 

1) The average below-knee amputee walks at 55 m/min, 
expends 64.3(cal/min)/kg and 1.077 (cal/m)/kg. 

2) The average above-knee amputee walks at 50 m/min, 
bxpands 59.8 (cal/min)/kg and 1.444 (cal/m)/kg. 

Huang et al (1979)p using the Mobile Automatic 

Metabolic Analyzer (MAMA) obtained 'the energy costs of 

ambulation for 66 below- and 65 above-knee amputees. It 

was found that the average comfortable speed of walking 
for below-knee amputees was 48 m/min and the average 
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energy expended was 48 (cal/min)/kg and 0.993(cal/m)/kg, 
For the above-knee amputoost the average comfortable 
walking speed was 48 m/min and the average energy 
expended was 62 (cal/min)/kg and 1.338 (cal/m)/kg. 

These results were claimed to be within the range 
reported by other workers as summarisod by Fischer and 
Gullickson. 

The results presented show that the bolow-knoo 

amputees ambulate faster than the above-knoo amputoos 
and yet require less energy. This confirmed the 

statement by Eberhart ot al (1954) that the more joints 

and muscles lost and having prosthetic replacements# the 

greater the loss of the normal locomotor mechanisms# 
(major determinants of gai. t). and therefore the greater 
the energy cost of ambulation as well as the degree of 
disability. However, the method of energy expenditure 
discussed so far can only measure the total energy cost 
in terms of respiratory gas. exchange or metabolic rate. 
It cannot determine the relative magnitude of the 

component energy requirements. 

- Bresler (1951) discussed the use of energy methods 
for the evaluation of prostheses. He maintained that the 

energy requirement for walking is one of the important 

criteria of the performance of a prosthesis. However, he 

pointed out that the stringent control imposed on persons 
undergoing metabolic rate studies would be unlikely to be 
fulfilled with amputee subjects. This would then greatly 
affect the accuracy of the test and make evaluations 
based on comparison of metabolic rates very questionable. 

He concluded that the use 
-of 

energy requirement for 
differential evaluation of prosthetic mechanisms is of 
doubtful validity since the complicating variables, such 
as alignments fit, training, muscular coordination and 
environmental factors cannot be eliminated. This was 
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demonstrated by the results obtained from Cummings ot al 
(1979). No clear-cut difference was found between the 
energy costs of the supracondylar cuff versus sido-joint- 
thigh corset suspension of below-lýnoo prostheses. 
Althoughp the use of energy requirement measurements for 
the evaluation of prosthesis is not practicable, the 
measurement of mechanical work is valuable for an 
understanding of the various operations In walking and 
for establishing reasonable design criteria. 

Breslor at al (1957) presented a study on energy 
and power in the legs of above-knoe amputees during 

normal level walking. Four subjects using six different 
types of knee mechanisms and walking at three different 

speeds were analysed. Although there were a large 

number of variables and data were not sufficient to 

provide statistically valid results, the following 

observations were made : 

1) In generalt the net energy from the prosthetic log 

was adequate to provide for its required movement in 

space. This was found to be compensated for by the. 

excess of energy provided by the natural leg or body 

mov; ment. 
2) Improvements in the functional characteristics of 

prostheses which may reduce the energy requirements 
were initial knee stability, minimising vaulting, 
push-off compensation, preparation for swing and 
swing control. 

3) Proper design and/or training the amputee could 
reduce the excessive expenditure of energy recorded. 
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4.1. Review of Normal Foot and AnkleComplax 

An understanding of the normal is essential for 
designing prosthetic replacement. Therefore, a brief 
description of the normal foot and ankle complex Is 

presented to form a basis for further discussions. 

4.1.1. Functional Anatomy 

The purpose of this section is to correlate soma 
aspects of the anatomy of the foot and ankle complex 
with function. For further detail of the anatomy of the 

normal foot and ankle comploxg the reader Is referred to 
Warwick and Williams (1973) or Shoji (1977). 

The foot basically has two main functions# support 
and propulsion. Morris (1977) expanded on this and gave 
a more comprehensive definition. The functions of the 

foot are to provide :- 

1) a base of support of sufficient dimensions to give 
the stability necessary to maintain the upright 

position without undue muscular effort. 
2) a mdchanism for the absorption of the rotation of the 

limb segments above it during stance phase. 
3) adequate flexibility for absorption of the shock of 

the. body weight and for accommodation to uneven 
terrain. 

4) propulsion at push-off by becoming a rigid lever. 

All these functions are made possible through the 

complex joints, muscles and ligaments. The following will 
be a brief description of those structures that contri- 
bute most to the functions of the foot. 

Since terminology used in the literature to 
describe the ankle complex of Joints has been Inconsistent 
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and often confusingo an explanation of the terms used 
here will be given to avoid any misunderstanding. 

The ankle joint proper is the articulation betwean 
the talar trochlea and the mortise formed by the distal 

end of the tibia and fibula. The trochlea is slightly 
wider anteriorly than posteriorly. The malloolar 
articular surfaces are also wider anteriorly than poster- 
iorly. Close and Inman (1952) demonstrated that the sur- 
face of the trochlea is conical In shapet with the base 

of the cone towards the fibula. Figure 4.1,1(a) 
illustrates a proposed model of the concept from Inman 
(1976). The conical surface of the trochlea imposed an 
external transverse rotation of the talus in the mortise 
when. the foot is dorsiflexed. Furthermoret the lateral 

malleolus will be displaced by an extremely small amount 
of between 0.13 - 1.8 mm, as reported by Close and Inman. 
These displacements are permitted by the anatomical 
attachments of the three-part lateral collateral 
ligaments. Plantar flexion will produce internal 

rotation at the ankle joint and return the lateral 

malleolus to its original relative position. 

The primary. movements of the ankle joint are 
dorsiflexion and plantarflexion. Inman (1976) concluded 
from his study on the joints of the ankle that for all 

practical purposesq motion at the ankle joint can be 

considered to be about a single axis. He stated that the 

average ankle joint axis is 84 0 to the mid-line of the 
foot in the transverse plane and 10 0 to the horizontal in 
the sagittal plane, see Figure 4.1.1(b). Isman and Inman 
(1959) were able to relate the ankle joint axis to the 

most medial point of the medial malleolus and the most 
lateral point of the lateral malleol'us# see Figure 
4.1.1(c). 

The 'normal' free range of motion in the ankle 
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joint Is 200 of dorsiflaxion and 500 of plantar flexion 
(Mann, 1975). In normal locomotion, the range reported 
is much less# 10 0 dorsiflexion and 200 to 300 of plantar 
flexion. (Close and InmanjlSS7 ; Wright at all 1964p 
noot at all 1971). During the walking cycle, plantar 
flexion occurs from heel-strika through approximately the 
first 10% of the cycle* then dorsifloxion occurs from 
heel-off to 40%v of the cycle at which time plantar 
flexion again occurs. The ankle is normally in dorsi- 
flexion during swing phase. 

The subtalar Joint comprises three articulations 
between the superior surface of the calconous and the 

inferior surface of the talus. The postorior articula- 
tion-is between the concave facet of the talus and the 

convex facet of the calcaneus. The middle articulation 
is between the facet of the undersurface of the talus 

and that of the sustentaculum tali of the calcaneus. 
The anterior articulation is between the convex under- 

surface of the head of the talus and a small concave 
facet of the calcaneus. Within normal range of motiont 
these three articulations essentially move In unison 

about a single common axis. This axis of motion passes 
througý the subtalar joint obliquely, behaving like a 

mitre hinge (see Figure 4.1.1(d)). 

The average subtalar joint axis is 410 to the 

horizontal in the sagittal plane and 23 0 to the mid-line 

of the foot in the transverse plane, see Figure 4.1.1(b). 

Isman and Inman (1969) stated that there appeared to be 

no accurate method of determining the axis of the sub- 
talar joint from prominent anatomical landmarks in the 

living subject. 

Root et al (1977) stated that the subtalar joint 

moves In the direction of supination and pronation and 
that In relation to the leg, supination of the subtalar 
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joint inverts the calcanous twice as much as pronation 
can evert the calconeus. They stated that measurement 
of the range of inversion-eversion of the calcanaus is 

not really a measure of supination-pronation at the sub- 
talar joint; it is in fact only tho frontal plana 

component of subtalar joint supination-pronation. Root 

at al (1971) reported that in normal locomotion# an 

average minimum range of 40 to Go inversion of the 

calcan6us with supination of the subtalar joint and 40 

to 50 eversion with pronation are required. 

The mid-tarsal joint consists of the tolonavicular 

and calcaneocuboid jointst which function together about 
two common axes of motion. Both those axes pass obliquely 
through the foot in an anterior, medial and dorsal 

direction but the obliquity of the angle with which each 

axis passes through the foot is quite different, see 
Figure 4.1.1(e). The average longitudinal axis Is 15 0 

from mid-line of foot in the transverse plane and go from 

the horizontal in the sagittal plane. The average 

oblique axis angles 52 0 from the transverse plane and 

57 0 from the sagittal plane (Manter, 1941). 

0 
When the hindfoot Is everted, these two axes of 

motion will be parallel and free motion can occur 
(Elftman, 1961), thus resulting in bn increase in 

flexibility or instability. However, when the rearfoot 
is inverted, the axes are no longer parallel, restriction 

of motion is imposed and stability is increased. 

The minimum range of mid-tarsal joint motion about 
the longitudinal axis is given as 40 to 60 by Hicks 

(1953). while motion about the oblique axis Is unknown. 
The rearfoot normally averts 40 to 60 during normal 
locomotion and the rearfODt requires to be able to invert 

to compensate for that amount of calcancal eversion. 
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The metatarsophalongool break refers to the 

oblique axis through the second to fifth motatorsopholon- 

geal joints. Isman and Inman (1969) reported that the 

angle between the break and the mid-line of the foot In 

the transverse plane varies from 530 to 730. During 

push-offt the rearfoot and midfoot are angled outward as 
the heel Is inverted and the metatarsophalangool break 

distributes weight on all the metatarsal hoods. 

Another important feature in the foot. essential to 

providing successful functions, are the arches, The 

twenty-six bones of the foot are held together by liga- 

mentst connective tissue and capsules. The seven tarsal 

bones and the five metatarsal bones are arranged in such 

a manner as to form a triangular shaped arch having one 

common base proximally, the calcaneus, and five bases 

distallyr the metatarsal heads. The medial side of the 

arch is highest while thelateral side is on the ground. 

This led Jones (1949) to describe the arch as a half- 

dome# which is geometrically a stable structure. The 

articulating bones in the half-dome allow the foot to be 

flexible, while with the long plantar ligament and planter 

fascia attached to the ends of the half-dome, the foot 

can become very strong and stable, capable of resisting 

the forces of the super-incumbent weight. 

The extrinsic muscles In the leg and the intrinsic 

muscles both play a vital role in the mechanics of the 

foot. The pretibial muscles dorsiflex the foot during 

swing phase and early stance. This action enables the 

foot to clear the ground during swing phase and then 

allows it to be placed gently an the ground after heel 

strike. The calf muscles act from midstance to toe-off 

plantar flexing the foot. During this period the Intrin- 

sic muscles of the foot are also active, stabilizing the 

foot. 
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Mann and Inman (1964) found that there was very 
little significant activity of the intrinsic muscles 
during the first half of stance phasat therefore they 

concluded that the entire weight of the body must be 
borne by bones and ligaments. Mann (1975) presented a 
schematic diagram of the intor-relationship between 
joints and muscular activities in one walking cycle, 
see Figure 4.1.1(f). 

Blomechanical Studies 

Levens at al (1948) reported that there are signi- 
ficant transverse rotations in the lower limb segments 
during level walking. (Note that this was briefly 
discussed in Section 2.4.1. also see Figure 2.4.1(g)). 
These rotations 1ncrease from the proximal to distal 

segmentsp which means that the thigh and shank do not 

absorb rotation imposed by the trunk but instead they 

increase it. Normallyt during level walking, the pelvis 

rotates an average of 609 the femur 140 and the tibia 18 0 

Since these rotations also occur during stance phase# 

when the foot is fixed on the ground and does not slip. 

some f9rm of mechanism In the foot must be present to 

permit these rotations and yet be resistant enough to 

produce a measurable torque (Eberhart et al, 1947). 

Wright et al (1964)-suggested that the ankle and 

subtalar joints act together somewhat like a universal 
joint to convert the transverse rotation of the leg into 

supination-pronation of the foot. Inman (1976) pointed 

out that this concept is true only if the two axes of 

motion intersect and are orientated perpendicular to one 

another. This however is not the case with the ankle 

and subtalar joints axes. Jones (1949) and Inman (1976) 

suggested that the oblique orientation of the ankle and 

subtalar joints axes together might be a form of mechanism 
that allows axial rotation of the leg to be transmitted 
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to the foot. Further discussion on this mechanism Is 

undertaken in relation to the walking cycle. 

In normal locomotion, the foot spends about 60% of 
the walking cycle in contact with the ground (stance 

phase) and the remaining 40% swinging through to take up 
its now position ahead of the supporting foot (swing 

phase) (Mupray et al, 1954). The stance phase is of 

primary importance when considering the biamechanics of 
the foot* In order to review the events that occur during 

stance phase clearly and systematically and also to 

simplify discussiong the stance phase can be divided into 

three periods. 

The first period extends from heel contact to foot- 

flat. As the heel strikes the floor, the Impact and the 

subsequent loading of the foot results in a floor reaction 

that exceeds 20% of the body weight. (Eberhart et al. 

1947). This sudden impact is partially absorbed by 

lowering the body through plantar flexion of the ankle and 

the pronation of the foott which helps to flex the knee# 

Saunders et al (1953). The foot at this period is also 

subj6cbed to a posterior shear due to the moving foot 

being suddenly stopped by friction from the ground as 

contact is made. A small amount of lateral shear is also 

experienced by the foot as the body weight Is shifted from 

one weight bearing foot to the other. During this periodo 

the entire lower limb rotates internally (Levens et al , 
1946). a follow-up event from mid-swing. The foot at this 

time is still free to move and therefore participates in 

this rotation. In addition, the plantar flexion of the 

foot further exaggerates this internal rotation. There- 

fare the ankle joint does not appear- to have absorbed 

this Internal rotation but rather increases it, and 

depending upon the obliquity of the ankle axis, the foot 

will toe-in to a varying degree (Inman, 1976). The 

internal rotation of the leg causes the foot to pronate 
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through the action of the subtalor joint. The pronation 

of the foot enables the mid-tarsal joint to be mobile 
and therefore gives tho foot tho ability to adopt to 

irregular walking surfaces. 

The next period occurs from foot-flat to heal rise. 
This period is characterised by vigorous Muscular acti- 

vity in the intrinsic foot and calf muscles, see Figure 

4.1.1(f). The vertical floor reaction decreases to less 

than the body weight (i. e. 65%). During this period the 

leg reverses the direction of Its axial rotation to 

external rotation and thus supinates the foot through 

the action of the subtalar joint. The supination of the 

foot causes the talonavicular joint axis to be no longer 

parallel to that of the calcaneocuboid joint, thereby 

locking the midtarsal joint (Elftmang 1960) to increase 

stability. Since the foot is fixed and immobilized, the 

supination is absorbed by the flexible arch mechanism 

through twisting along its longitudinal axis and thus 

elevating the longitudinal arch. This elevation converts 

the foot from being flexible during the first period 

into a rigid lever for transferring the body weight to 

the forefoot and subsequent push off. The Intrinsic 

muscles of the foot add further support to the longitu- 

dinal arch to keep it rigid. 

The final period stretches from heel rise to toe 

off. During this period the heel rises rapidly with 

increased ground reaction which may exceed 20% above 

the body weight. An anterior shear is also caused by 

the heel lift as well as the active push off which - 
imparts a linear acceleration to the trunk. As the heel 

risest the metatarsophalangeal joints begin to extend and 

cause the plantar fascia to be in tension, which further 

raises and stabilizes the longitudinal arch. Hicks (L954) 

called this the "windlass effect" of the plantar fascia. 

This period is also characterised by the relative plantar 
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flexion and the progressive supination of the foot, 

causing increased external rotation of the log through 
the action of the subtalar joint. As the foot tips for- 

ward onto the metatarsal hands, the lateral metatarsal 
heads tend to leave the ground as a result of the 

oblique axis of the metatarsophalangoal break. However, 

the supination of the foot diminishes this affect and 

provides the mechanism to distribute the body weight 

over the metatarsal heads. 

During the swing phase the foot is actively dorsi- 

flexed to provide ground-ýoot clearance for the log to 

swing throught preventing the too from stubbing the 

ground. 

4.2. Prosthetic ankle/foot mechanisms 

From the study in the previous section, it is 

evident that the normal foot and ankle complex is a unique 

structure. It is flexible during swing phase and early 

stance, and then converts into a rigid lover arm prior 
to toe-off. The flexibility is required for the foot to 

be adaptable to uneven terrain and by becoming rigid 
the foot provides support and stability during midstance. 

The basic movements of the normal foot and ankle 

complex are plantar flexion and dorsiflexion, supination 

and pronation. Transverse rotations of the leg are trans- 

mitted to the foot through the action of the subtalar 
joint and are absorbed by the arch mechanisms. The foot 

also acts as a shock absorber during heel contact. 

To duplicat e these functional characteristics of 
the normal foot and ankle complex reasonably well, the 

prosthetic ankle/foot mechanisms will have to provide 
the same freedom of motion with means of restraining and 

resto. ring these motions. No prosthetic device designed 
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to date has approached the cOmPloxity of movement of the 

natural foot and ankle complex. However, a groat variety 
of prosthotic anklo/foot mechanisms have boon dovisod 

through the years. 

This section attempts to lay down the design 

requirements of prosthetic ankle/foot mechanisms; discuss 

the validity of the shank axial rotator used to accommo- 
date transverse rotation; present a survey of prosthetic 
feet and also discuss the "popular" practice of prescrib- 
ing prosthetic feet. 

4.2.1. Design Requirements 

It is quite an Impossible task to design an artifl- 

cial ankle and foot that will mimic the natural one 

exactlys Howeverg certain criteria can be laid down to 

form a realistic guide in designing a prosthetic ankle/ 
foot mechanism. 

The following requirements were basically presented 

by Vitali et al (1978), they can be discussed Initially 

in terms of the functional aspect of the normal foot and 

ankle complex. Consider first the stance phase : 

At heel contact, it should provide some means of shock 

abso, rption, and allow plantar flexion without foot 

slap. 
2) Some form of mechanism should be incorporated to 

absorb the transverse rotation of the whole leg. 

3) Some mediolateral movement should be accommodated to 

adapt the foot to camber on rough ground. 
4) It should provi de a smooth roll-over when*transferring 

load bearing from the hindfoot to the forefoot. 

S) Slight dorsiflexion is desirable-before heel rise so 

as to reduce extending moment an the knee joint. 

6) Mechanism for active push-off is desirable. 
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7) Consideration must be given to stability and support 
during this phase. 

For the swing phase : 

1) It must rise at too-off with knee flexion to clear the 

ground. 
2) Some form of mechanism to actively dorsiflex the foot 

during this phase is desirable. 

The prosthetic foot, being a terminal device, will 

greatly influence the inertia of the shank. Thereforeq 

to minimise this inertia effect during swing phase the 

prosthetic ankle/foot mechanism has to be light. The 

prosthetic device also has to withstand high cyclic loads 

encountered during walking. This high strength/ weight 

ratio thus limits the materials that may be used. Hencep 

functions that can be duplicated will be limited and the 

mechanism used has to be kept simple. 

Besides these functional requirementst the 

prosthetic ankle/foot mechanism should be aestheticallY 

pleasing. It should simulate the anatomical foot in 

appearance and the construction of it must be such that 

the size and shape of the prosthetic one can be matched 
with the natural foot# so that a normal pair of shoes can 
be fitted. 

The prosthetic device will have to be durable, to 

avoid high maintenance cost. The materials used will 
have to be non-toxic and free from any offe*nsive odour. 
It must also be economcially viable to mass produce to 

an acceptable standard. 

The Veterans Administration Prosthetic Centre has 

been producing standards and specifications for prosthetic 
foot/ankle assemblies since 1958. Their latest version, 
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VAPC-L-7007-2 was published in 1973. The prosthetic 
foot/ankle assemblies are classified into three classes, 
according to their functional capabilities. They arc 

Class I- foot/ankle assemblies principally designed to 

provide motion in the anteropostorior plane 
in simulation of plantar flexion and dorsi- 

flexion of the ankle and extension of the 

toes. 

Class II - foot/ankle assemblies principally designed to 

provide motions in both anteroposterior and 
frontal planes simulating planter flexion and 
dorsiflexion, inversion and eversion. 

Class III - foot/ankle assemblies principally designed to 

provide motions in three planes simulating 

planter flexiont dorsiflexiont inversion/ever- 

sion and transverse rotation of the ankle. 

The standards and specifications given in the report 

are supposed to be the minimum levels of function# 

durabilityp and acceptable physical dimensions (i. e. 

weights and shapes) required for proper fitting Into a 

shoe. 

Specifications are also given with regards to 

testing procedures. Each prosthetic foot/ankle assembly 
is tested by applying graded loads in each of its 

functional directions. The loads applied and motion 

required are based on the normal foot and ankle force- 

motions relations. 

Daher (1973) commented that load versus deflection 

tests should be done with continuous recordings of both 

loading and unloading. This method would give a hystere- 

sis curve that can be interpreted as a measure of elas- 
ticity of the material. Furthermore, he suggested that 

a "roll-test" method is worth establishing, i. e. a method 



of testing resistance to take the foot from haul-contact 
to too-off under load. Ho believed that this would bo a 
more functional test than separate rosistanco tosts of 
the heel and too-break, specified by tho VAPC. 

The VAPC specification also sat standards for 
durability, noise and deformation by cyclic loadings. It 

specifies that each prosthetic foot/ankle assembly should 

withstand 5009000 cycles under 150 lb (60 kg) land with- 

out failure of any kind. Permanent deformation should 

not exceed 1/8 inch (0.31 cm). 

0 

4.2.2. Axial Rotators 
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The transverse rotation occurring In the prosthetic 
leg of the below-knoe and above-knoe amputees is usually 

absorbed at the interface between the socket and the 

stump, generating shear forces on tissues. This shearing 

action may result in a-variety of skin disorders. To 

solve this problem, the Biamechanics group at the 

University of California, Berkeley (1947) developed a 

shank axial rotator. 

An axial rotator is a device that permits external 

and internal rotation to occur when a torque is applied 

at the prosthesis-floor interface and allows the foot to 

return to its aligned position gently without altering 
the gait of the amputee, when the torque is removed. 

The original UC-BL shank rotator design was too 

large and heavy, and it lacked adequate damping of the 

return spring. A subsequent design was compact but had 

excessive bearing friction which prevented rotation at 
the very time it was needed (Mulby and Radcliffe, 1960). 

Staros and Pidzer (1972) and (1973) reported designs that 

were unable to withstand the severe bending moment which 

occurs during weight-bearing on the forefoot - others had 
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Figure 4.2.2(a) UC-BL Shank axial rotator 
(from Lamoureux & Radcliffe 

1977) 

Fig. 
. The LIC-131- %hank axial rotation de%ice in 

cross section. Although the unit is shomn mounted 
on a foot, an alternative ind preferred in-stallation 
would in%crt the de%ice and mount it as high as 
possible in the prosthetic shank. This preferred 
installation mo%v; the ifias% cit the tinit proximaily 

and minimizes bulk at the ankle. 
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excessively stiff return springs or arc excessively 
large and heavy. Therefore, it could be soon that there 

are a number of difficulties in designing an axial 

rotator : it has to have high strength and low friction, 

a soft but wall-damped, return spring and be light-wolght. 

Each one of these essential features is vital to the 

success of the device. 

Lamoureux and Radcliffe (1977) established design 

criteria based on amputee tests or an experimental unit 
with adjustable stops and variable return spring charac- 
teristics. The final recommendation was that a light- 

weight unit be designed which would permit rotations of 
up to 200 in either direction about the long axis of a 

prosthetic limb# with a centralising spring torque of 

approximate 0.23 Nm per degree of rotation. 

The device reported by Lamoreux and Radcliffe 

consists of a pair of thin-section, "full-ball 

complement" ball bearings which support axial loads and 
bending moments and elastomer torsion spring in a ring 

configuration as shown in Figure 4.2.2(a). The spring is 

shaped with conical end plates to allow uniform shear 

strains throughout the volume of the elastomer. Evalua- 

tion was performed by comparing the axial torques 

occurring in an above-knee prosthesis with and without 
the axial rotator unit operating. 

It was found that approximately 60% of the external 
torque an the prosthetic shank during late-stance phase 

was reduced when the axial rotator unit was installed. 

See Figure 4.2.2(b). It was also found that the relative 
internal-external rotation between pelvis and above-knee 

socket increased -during stance phase with an axial 

rotation unit-operating. See Figure 4.2.2(c). This 

increased rotation was attributed to the effects of 

muscle action within the above-knoe socket acting about 
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the long axis of the prosthesis, thus permitting the 

socket to move froýiy to relieve the pressures and 
torques caused by cyclic action ofttho musculature. 

Lamoreux and Radcliffe concluded that the use of 
an axial rotator unit offer the amputoo the following 

advantages : 

1) Improved gait symmetry 
2) Reduction of axial torques between the stump and the 

socket. 
3) Reduction of the frequency of occurrence or elimina- 

tion of sebaccous cyst due to skin trauma at the 

socket brim. 

4) Improved freedom of movement when changing direction 

of motion, working at a bench or counter and in sport 

activities. 

Racette and Breakey (1977) performed a clinical 

study on the use of axial rotators with 65 below- and 60 

above-knee amputees over an 18 month period. Three types 

of commercially available axial rotators were prescribed. 
It was found that for below-knee amputees good suspension 

was required to combat the extra weight of the device. 

Therefore, many of the 65 below-knee amputees using 

rotators were fitted with side joints and thigh lacers or 
PTO with supracandylar/suprapaterllar suspension. All 

the below-knee amputees reported feeling less shear an 
the stump and less restriction of motion In performing 
their varied activities of daily living. This was 

substantiated by the reduction of previous problem areas 

seen on the stump of the patients. Th'e Hosmer Modulator 

was claimed to be the most effective In below-knee 

prostheses because of its small size and light weight and 

the most cosmetic for the crustucean type of prosthesis. 
The weight of the Weber-Watkins design was a contra- 
indication for its use in below-knee prostheses. 



147a 

CA 

>ýj LAI 
(L 

ac 
La 

W 
Uj. j 
ý: Z' 

ti 
ý-Q 
U3 
CrI 

0 

0 
cc 

0 to 20 30 40 so 60 To so go too 
TIME# PER CENT OF CYCLE 

Fig. A comparison Of M12tiVC axial rotation bet%cen the pelvis and the socket of an above-krice prosthcsm. %ith and 
without the Axial Rotation Unit operating. [From Lamoreux, and Radcliffe. 1974). 

Figure 4.2.2(c)* 



Racette and Breakey claimed that the rotator gave 
most benefit to the above-knee amputees. Most patients 

with suction socket experienced relief from discomfort In 

the proximal socket brim area (both medial and posterior). 
Many reported the clearing up of troublesome skin abrasion 
in the ischial tuberosity and ischio-pubic ramus regions 

and generally experienced less soreness. Patients 

wearing pelvic band and hip joint commented on a much 
'freer', less restricted feeling while turning. sittingo 

getting in and out of cars and many other twisting type 

of activities. There was generally greater socket 

comfort with the incorporation of the rotator. Racette 

and Breakey made the same conclusion as Lamoureux and 
Radcliffe. 

It is probably worth noting that Racette and 
Breakey reported that extreme care must be taken during 

the initial period of fitting the rotator. Training to 

use the rotator is essential to enable the amputee to 

adapt and appreciate the increased freedom of motion. 

Campbell and Childs (1980) pointed out that the 

tranpverse rotations absorbed in the prosthetic shank will 

develop a torque that will externally rotate the 

prosthetic foot violently and strike the contralateral 

leg as it swings through. To prevent this, the amputee 

after the first few steps* will automatically suppress 

some of these rotations. This could well explain the need 

to train the amputee to get adapted to the rotator. 

While it is clear that during the stance phase, the 

rotator offers great benefit to the amputee in terms of 

stump/socket comfortg more resea rch is required to 

clarify the effects it has during the toe-off/early swing 

period and also perhaps the amount of damping that may be 

required to minimise or eliminate these effects. 
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FiG. Conventional ankicirbot awnibly. 

Figure 4.2.3(a) Single-axis wooden foot with 
toe-break 
(from Murphy, 1960) 

. 

FIG. Convont; onal wooden fool. (oil too. ankle jo; nl, rubber 
bumpers. and metal Aonk. 

Figure 4.2.3(b) (from Murphy, 1960) 
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4.2.3. Review of Some Prosthetic Feet 

A large number of prosthetic ankle/foot mechanisms 
has boon dosignodo some incorporating ingenious 

mechanisms capable of imitating the functions and move- 

ments of the normal foot and ankle complex. Howovorq 

the complexity of most of the designs, excessive mainton- 

ance requirement and their unacceptably high mass have 

prevented their wide use. References to those prosthetic 
feet can be found in Gacht ot al (1920). Northwestern 

Technological Institute (1947), Klopstog and Wilson 
(1954). and American academy of Orthopoodic Surgeons 

(1960). 

The following discussion will concentrato on soma 

of the popular and commercially available prosthetic 

feetq as well as some of the experimental designs still 

undergoing evaluation and development. 

By far the most common device has been the Uniaxial 
(or sinnle-axis) type prosthetic foot. This foot had its 

origin in 1861, when J. E. Hanger replaced the cords in 

the American leg by rubber bumpers about the ankle joint. 

Since then the device has undergone many detail modifi- 

cations. However, its basic principles of operation still 

remain the same. 

Traditionallyp this type of prosthetic foot is made 

of willow wood, shaped to fit the individual shoe. The 

wooden foot is then covered with raw-hide. Applied wett 
the raw-hide attempts to shrink as it dries, thus subjec- 
tinn the wood to compressiong and thereby reducing the 

tendency for the wood to split. Plastic laminate 

however has been regarded as a better alternative, as it 

has greater water resistance and saves manufacturing time 

and costs when compared with raw-hide. 
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Conventionally, the ankle joint provides plantar 
and dorsiflexion onlyt with moons for restraining and 
restoring those motions. It consists of a horizontal 

shaft which is located In plain bushes. The construc- 
tion of the joint may vary in the choice of bearing 

material or the means of attachment to the shankv 
whether by single or double bolts or by the use of U- 
bolts. The restraining and restoring moments are pro- 
vided by a compressible plantar flexion (roar) rubber 
bumper and a relatively stiff dorsiflexion (front) 

rubber stop. These bumpers arc replaceable when worn 
or permanently compressed. The roar bumper should be 

relatively soft to provide shock absorption at heel 

strike and subsequent plantar flexion of the foot, so as 
to stimulate the action of the pro-tibial muscles. 
Selection of the correct stiffness of this rubber bumper 
is important - if it is too hard the knee will buckle 

and if it is too soft then foot slap will occur. The 

front bumper has to be fairly hard to provide resistance 
to compression fulfilling the action of the calf muscles 

and Achilles' tendon in resisting dorsifloxion and 
forcing heel rise after mid-stance phase. 

A metatarsophalangeal (or toe) break is usually 

provided by means of a rubber bumper situated In between 

the forefoot and toe sections, see Figure 4.2.3(a), 

although in certain designs this toe break is replaced by 

a felt (or rubber) toe firmly glued to the main wooden 
foot, see Figure 4.2.3(b). 

Most of the commercially available uniaxial feet 

nowadays are manufactured from a wooden keel embedded In 

a polyurethane foam rubber moulding? see Figure 4.2.3(c). 

The distal portion of the wooden keel is carefully shaped 
to simulate'the action of the toe break. A toe-spring, 

usually made from balataq is included to provide enough 
resilience to restrain and restore motion during late- 

U 
S 



1508 

The Solid Ankle Cushion I Iccl (S. A. C. H. ) Foot. 
(From The Patellar Tenclon Dearing Below-Knce Prosthesis. C. W. Radcliffe & J. 
Foort, Womcchanics Laboratory, University of Califomia. Berkclcy & San 

Francisco. ) 

Figure 4.2.3(d) The SACH foot 

. Shaping of the SACH Foot. 

(From The Patellar Tendon Bearing, Belotiv. Knee Prosthesis. C. W. Radcliffe &, J. 
Foort, Biovnech: tnics Laboratory. University of California. Berke! ey & San 

Francisco. ) 

Figure'4.2.3(e) Shaping of the SACH foot 
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stance phase and too-off. This Inewl generation of 
Unlaxial foot is designed with the provision or a wooden 

ankle block for a crustacean typo prosthesis as wall as 

a metal foot adaptor for the modular assembled prosthesis. 

Compared with most prosthetic foot the Unlaxial 

foot Is not excessively heavy. In certain designs, there 

is even provision for adjusting the hool height to suit 

different types of footwear. While the foot itself is 

fairly durablet the rubber bumper on the other hand 

requires replacement at intervals, depending an usage. 

Vitali at al (1978) claimed that on average they last a 

year or more. 

The Uniaxial foot has obvious limitations, there is 

no provision for mediolateral movement and axial rotation. 
Althoughtmodification to the basic designp like the 

Teufel's Telasto foot/ankle as'sembly, can incorporate a 

slight degree of inversion/eversion. Other disadvantages 

included the moving parts of the ankle mechanism which 

could cause noise and wear. The appearance of the 

junction line between the prosthetic foot and shank could 

be objectionable, although the ability to control planter 

flexion of. the foot does give a better cosmasis during 

locomotion. It has also been reported that sudden changes 

in resistance that can arise at the-ankle joint during 

locomotion have caused problems for some amputees. 

In order to overcome some of these problems, the 

Solid Ankle Cushion Heel (SACH). foot was developed in the 

1950s in order to provide function without the use of an 

articulated ankle joint, see Figure 4.2.3(d). The basic 

functional principles of the SACH foot are not new to the 

prosthetic technology. Many foot designs of similar 

types have existed for some time. In 1880, A. A. Marks 

patented an artificial foot for direct attachment to a 

prosthetic shanko with no ankle joint. The patent 

0 



describes layers of rubber used to provide sufficient 

elasticity for too actiont particularly at too-off. 
Although not specifically claimed In the patent# the hool 

position of the foot-had rubber of 'sufficient thickness 

to provide some degree of planter flexion during walking. 
A core made from wood, or any other suitable material was 

shaped in a manner rather similar to the SAM foot, to pro- 
vide a smooth roll-over at the and of the stance phase. 

In another patent in 1895, G. E. and W. L. Marks 

described a similar artificial foot having an internal. 

inelastic coret but also specifying a rubber haul portion 

which contained a spring which Is free to yield with the 

rubber. They also described the foot as having "actions 

when under heel or too pressure as during the act of 

walking, which greatly enhance the value of the foot and 

facilitate its use and add comfort to the wearer ...... 
The foot may be. made of sponge rubber for softness, 

noiselessness and comfort .... to insure the desired 

resiliency under heel and too pressure. " 

Following these patents# there was evidence of 

limb-shops in the United States, Germany and Austria 

(Eberhart et al. 1949) fitting artificial feet similar 

to the basic SACH foot design. In Canada, the design of 

a lightweight but durable Syme's prosthesis with necessary 

foot-ankle function was facilitated by the use of SACH 

foot principles. 

Experience gained from studying these preceding 

designs combined with the locomotion studies by the 

University of California, Berkeley enabled J. Foort and 

C. W. Radcliffe to develop the firstprototypes of the 

current version SkH foot. With reference to Figure 

4.2.3(d), the 'SACH foot consists of a wedge of cushioning 

material built In to the heel and an internal wooden core 

or keelt shaped at the ball of the foot, in order to 
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provide a rolling action. Extending from the wooden keel 
is a too-spring to reinforce the simulated rubber too- 

piece and also to assist In providing the restraining and 
restoring motion required during late stanco-phoso and 
toe-off. The heal material cushions the Impact at heal 

strike and simulates normal plantar flexion closely. 
The heel also allows a certain degree of movement In the 

mediolateral direction. The cushion heal Is normally 
available In three different degrees of compressibility; 
hardt medium and softt to suit patient requirements. 

The SACH foot offers several advantages; it is 

usually light and in most versions It is durable. It 

has no articulated moving parts and thus requires little 

or no maintenance. Furthermorop there is no junction 

line between the foot and shank# which makes It 

cosmetically more acceptable. Its main disadvantages 

are that it has no range of adjustment In plantar- and 
dorsi-flexion and also replacement of heel wedge is 

difficult. Moreovert to attain the desired function 

with the footq selection and installation of It is of 

paramount importance. Radcliffe and Foort (1961) 

presented a detailed description of the fitting procedure. 
An extremely important feature is the shape of the foott 

its fit within the shoe will ultimately govern foot 

function. There are three areas of particular Importance 

when shaping the foot prior to fitting; the heel cushion. 

arch of the foot and the too-section, sea Figure 4.2.3(c). 

The foot should fit into the shoe firmly both in the 

uncompressed and compressed states. 

The SACH foot although Permitting a slight degree 

of mediolateral movementp still locks in providing 
transverse rotatfon. To compensate for this motion, some 
have tried to incorporate an axial rotator, as discussed 

previouslyt while others have resorted to designing a 

prosthesis that would provide transverse rotation and 
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Figure 4.2.3(f) The Jaipur Foot 
(from North et al, 1974) 
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still maintain the solid-anklo cushion-hool principloo. 

One such design developed recently Is the Lnjj2ur 
Foott (Sethi et all 1970). The primary purpose of this 
development was for amputees living In the rural areas 
of India. Therefore, curtain criteria ware imposed on 
the design : 

1) It should not require a shoo and consoquantly should 
have a certain degree Of cOsmosis acceptable to the 

amputee. 
2) The exterior should be made of a waterproof and 

durable material. 
3) It should allow enough dorsiflexion to permit an 

amputee to squat, at least for short periods. 
4) It S hould permit a certain amount of transverse 

rotation of the foot an the leg to facilitate the act 

of walking as well as to allow cross-legged sitting. 
5) It should have a sufficient range of Inversion and 

eversion to allow the foot to adapt Itself while 

walking on uneven surfaces. 

6) It should be Inexpensive. 

7) It should be made of materials which are readily 

available. 

The Jaipur foot consists of a proximal wooden block 

that sImulates the lower and of the tibia, which is used 

for securing the carriage bolt and a distal wooden block 

that represents the forefoot. The intervening space is 

filled with layers of sponge rubber glued together and 

protected by a shell of solid rubber. The whole foot is 

then enclosed by vulcanized hard rubber reinforced with 

cord lining giving a strong, durable and waterproof 

prosthetic foott see Figure 4.2. '3 (f). 

The large sponge rubber heel section supposedly 

allows freedom of movement In all direction, representing 

0 
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the anklet subtalar and midtarsal joint complex. 

Sethi at al (1978) reported that the foot has 

boon tested in the laboratory as wbll as in field 

trials over a period of eight years with more than a 
thousand amputees. It was found to be very satisfactory 

and was capable of fulfilling all the objectives. It 

was claimed that some f armors were using thoso f cot in 

the environment of Indian villages for as long as 3 

years without breakdown. However there was apprehension 
that the range of dorsiflexion present might load to a 
feeling of insecurityO especially in above-knee amputees* 

They observed that this was not the case because of the 

physical property of the hard rubber which provides a 

substantial resistance to dorsiflexion at the Initial 

stage and then yields easily with increased load. This 

they claimed allows the activity of squatting to be 

performed smoothly and that during normal walking there 

is a "fair degree of resistancen to dorsiflexion. 

The main disadvantage of the Jaipur foot is its 

weight. The developers suggested that this drawback can 

be overcome by rubber technologists, although they 

commented that the combination of a SACH foot with 

overlying shoe would weigh more than the Jaipur foot. 

Another recent development was aimed at producing 

an artificial foot that will conform to the shape and 

mechanism of the normal anatomical foot. The designers 

termed it the Stationary Attachment Flexible Endoskeleton 

or SAFE foot, Campbell and Childs (1980). 

The foot consists of a flexiblo keel encased in a 

soft foam cover and is bolted directly to the shank. It 

was designed to meet five predetermined criteria :a 

dome shaped arch and a long plantar ligamant bond, a 

flexible endoskeleton, a subtalar joint, a windlass 
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Figure 4.2.3(g) The SAFE foot 
(from Campbell & Childs, 1980) 

Fig. Crwa-scttiun of the S. A. F. K. tom diroughout itslength in a parasagital plane. 
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mechanism (too-break and plantar fascia), and was made 
entirely from plastic materials with no machanical 
joints. The anterior surface of the bolt block was cut 
at approximately where the average subtalar joint is 

locatedt this gave the floxiblity required in providing 
transverse rotation, see Figure 4.2.3(g). 

The foot is claimed to be capable of sustaining 
the patient's weight duo to the dome shape of the arch 

and its tie, the long plantar ligament band. Inversion 

and eversion were demonstrated to be possible with the 

foot. Plantar flexion is being provided by the soft 
heel and the relative movement of the bolt block and the 

rest of the foot. Some degree of dorsifloxion can also 
be achieved through the movement of the bolt block 

relative to the rest of the foot. It will permit 
transverse rotations due to the ability of the flexible 

keel twisting within the shoo. When this twisting occurs 
from heel-off to toe-off, the plantar ligament band Is 

tightening as the windlass action takes effect, holding 

the forefoot tightly against the walking surface. The 

windlass action converts the foot to a semi-rigid lever. 

The designers claimed that this gradual tightening of the 

windlass band produces a smooth roll-over to too-off 

without the usual snapping of the knee caused by a rigid 

keel or the toe-break rubber bumper. 

Campbell and Childs (1980) reported that field 

trials have been conducted with 35 patients (including 9 

above- and 10 below-knee amputees) for 6 months. Thirty- 

two subjects favoured the new design while two below-knee 

amputees rejected it. There was no mention of the weight 

of the prosthesis and no information was giýien on the 

importance of foot shape and shoe fitting, and with only 

6 months of trials# maintenance problems will not be 

clearly identified. Therefore, more long term field 

trials are required and furthermore cyclic load testing 
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would be very helpful to verify design strength, 

There have been many attempts made at designing a 
multi-axis ankle/foot mechanism. M05t Of them have boon 
too heavyo complex and not durablop therefore are not 
widely used. 

The U. S. Navy Functional Ankle (Asbollo and Contyp 

1957) design isan extremely simple ankle assembly 

consisting of a flexible cable and a special moulded 

rubber block Interposed between the shin and footp sea 
Figure 4.2.3(h). Deformation of the block provides for 

plantar- and dorsi-flexion, inversiong aversion and 
transverse rotation. Forces opposing those motions can 
be altered by adjusting the cable tension or by the use 

of rubber blocks with different density, Note that 

adjustments for individual functions-are not entirely 
independent. 

. 

The Metalastik ankle available in the United Kingdom 

owes its origin to some extent to the U. S. Navy Functional 

Ankle design. It consists of a rubber ball bonded 

between the shin and foot at the centre of ankle rotation 

with an adjustable rubber instep and some adjustment as 

well for heel height, see Figure 4.2.3(1). This too 

provides freedom of motion in all three directions. 

Accurate alignment is essential with this device. 

Although these designs are simple they lack durability 

and are rarely used. 

One of the most popular multiaxial foot in rocent 

times is the Greissinner foot. Its main components are 

the shaped ankle partj connecting assembly and shaped 

foot part. The connecting assembly consists of a 

resilient rocker rubber block, an upper joint and a lower 

portion in metal. The shaped foot part consists of the 

mid-tarsal portionp the flexible toe piece and the 
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Figure 4.2.3(j) The Greissinger Foot 
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flexible sole. The mid-tarsal portion has moulded 
bearings to accommodate the resilient rocker block. 
The rocker rubber block arc available In three grades of 
density. A slight modification to*this design is the 

inclusion of a sponge heal wedge to provide additional 

cushioning at heel impocto sea Figure 4.2.3(j). 

A more revolutionary modification to the 

Greissinger foot is the Introduction of the moulded foot. 

The wooden mid-tarsal portion is embedded in polyurathane 
foam. Instead of the original one-piece rocker rubber 
blockq a separate planter flexion bumper is accommodated 

and the rocker rubber block Is shortened to make way for 

the rear bumper. The foot can be used in either the 

more conventional crustacean or the modular endoskeletal 

prosthesis. 

One of the major disadvantages of this foot is 

that It is very heavy. It is usually prescribed for the 

more active amputees who are keen an sports. and games or 

work an rough ground daily. Therefore it is not 

generally prescribed. 

All of the prosthetic ankle/foot mechanism described 

so far are passive in operation. Each prosthetic foot 

when fitted is usually aligned for level walking. Thus, 

when an amputee walks uphill or downhill, he will 

experience some loss of stability. To overcome this, in 

1956, Hans Mauch of Dayton, Ohio invented an ankle 

control with an automatically adaptable dorsiflexion stop, 

enabling the amputee to walk uphill and downhill without 
loss of stability. 

The Mauch hydraulic foot-ankle system has since 
been undergoing constant Improvement. The latest design 

includes the variable hydraulic dorsiflexion stop, a 

mechanical inversion/eversion control, an axial rotator 
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and also hydraulic too-slap damping and too pickup. 

The hydraulic unit illustrated In Figure 4.2.3(k) 

contains a gravity controlled element which closes a 

port in the vano and therefore prevents oil flow from the 

rear chamber to the front chamber of the housing when- 

ever the piston rod and attached shank are In vortical 

postition, or Inclinad forward from the vertical. This 

means that resistance to dosiflaxion will occur later 

in uphill walking and sooner in downhill walking. 
Furthermoreq the ankle automatically compensates for 

changes In heal height of different footwear. 

The design of the hydraulic orifice Is such that 

it produces turbulent flow, which means that the plantnr 

flexion speed upon heel contact will only increase by 

40% if the amputee's weight is doubled. This in a way 

provides controlled toe-slap damping. 

A second part through the vane piston enables the 

foot to assume any position from 100 dorsiflexion to 

200 plantar flexion when the foot Is unloaded and the 

port-is opened. The port will close whenever the 

amputee applies*w*eight onto the foot (a minimum load of 

13.6 kg). This will permit the amputee to walk down- 

stairs step-over-step without having to aim for the edge 

of the*stairs with his prosthetic foot. Also when he 

sits an a chairt the prosthetic foot can be manoeuvred to 

adopt a natural postlion, without the toe sticking up. 

A third port In the vane pistonis spring-loaded and 

acts as a pressure relieving valve. It opens when the 

load on the ball of the foot exceeds 135 kg, this is to 

prevent the entire structure from being over-stressed. 

The housing of the hydraulic unit is attached below 

to the inside of a hollow keel of the foam foot by two 
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screws, see Figure 4.2.3(l). The housing pods and four 

rubber washers are so shaped that 10 0 inversion of the 

foot encounters little restriction but eversion is 

strongly resisted. 

Transverse rotation is provided by two profiled 

rubber bumpers interposed between the two flat surfaces 

of the paddle and the inside of the shank, where each 
bumper is kept from rotating with the piston rod. The 

bumpers are solid on one side of their groove and 

channelled on the other, providing different torque 

resistance for piston rotation in opposing directions. 

The arrangement is such that forward rotation of the 

pelvis is facilitated but backward rotation is opposed. 

Eight prototypes have boon evaluated and reported 

recently by Sowell (1981). One above-kneogthroo below- 

knee and one bilateral above-knee/below-knee amputees 

participated in the evaluation. This preliminary study 

concluded that the prototype ankle system does simulate 
the anatomical ankle in activities such as walking on 

uneven terraing descending stairs step-over-step, running, 

ascending and descending inclines and a variety of sports 
including skiing. 

The major complaints were the presence of "a 

squeaking noise" and hydraulic leakage. However, it was 

claimed that the noise element has been eliminated from 

the system but leakage still persists. A nation-wide 
full-scale clinical application study is reported to be 

currently underway in the United States. The outcome of 
this evaluation is being awaited with interest. 

Although, there seem to be several ankle/foot 

mechanisms available for fitting. The choice of a 
terminal device remains in practice between the Uniaxial 

foot and the SACH foot. 

6 
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Prescription criteria for prosthetic ankla/foot 
units have been derived mainly from experience gained by 
the clinician and the prosthotist. They tend to vary 
depending on the country and the particular limb fitting 

centre. In Britain for Instance, the Uniaxial foot Is 

predominantly prescribed whereas in the United Statost 

the SACH foot is preferred, sea Section 3.2.7. Howaverp 

Fulford and Hall (1960) commented that In general the 

SACH foot should be prescribed for the unilateral below- 

knee amputee. For the above-knoo amputee and the 

bilateral amputee the uninxial foot is preferred because 

it is believed that lateral stability can be obtained 

sooner after heel strike than with the SACH foot# with 

which it is not obtained until the body-weight has been 

transferred to the front of the keel. 

Another suggestion with regard to prescription was 

given by Staros and Goralnik (1981). They stated that 

for patients without complications, regardless of the 

level of amputation, the SACH foot is preferred. In 

cases where no stance-control features in the knee unit 

arepresent and patient must depend an alignment ability 

and the plantar-flexion of the foot and ankle, the 

Uniaxial foot would be more adequate. 

So far, prescription of prosthetic ankle/foot 

mechanisms is conducted on a broad rule of thumb basis 

with not enough scientific data to substantiate their 

practice. Furthermore, the choice of the stiffness of 

rubber bumpers of the Uniaxial foot or heel wedge of the 

SACH foot is decided purely in a subjective manner. 
Therefore more objective information in terms of the 

characteristics and biamechanical pqrformance of both 

types of feet is required. 
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4.3. Evaluation of Prosthatic Foot 

The following sections are intended to give an 
insight Into the different aspect Of evaluation that 

havabcon carried out on prosthetic fact. Some of the 

studies were aimed at defining the characteristics and 
biomachanical performance. of the device# while others 
concbntrated on clinical evaluation. 

4.3.1. Siomechanical Analysis 

The fundamental studios of UCO (Eborhart ot alt 
1947) included a test made with one bolow-knoo omputoo 
so as to determine the effect of three different foot 
designs on the forces in the shank. This was done with 
a force transducing pylon. The three types of feet 
tested were : Mare Island foot (single-axis type); 
Goodyear and Narmco feet (both multi-axial type). 

Differences found in the force-curves were 
attributed to the varying bumper stiffness of the three 
feet# with the Mare Island foot indicating the least 

stiffness and the Narmco foot, the most stiffness. 
Figure 4.3.1(a) shows the effects on the ankle and knee 

moments of the three types of feet. The difference in 
lateral moments was suggested to be'due to the lateral 

motion as well as fare and aft motion allowed in both 
the Goodyear and Narmco feet. It was stated that the 

amount of flexion and position of toe-break have a large 

effect on the ankle moments. The Narmco foot produced 
the greatest ankle momentsq since its toe break was wall 
forward. 

Bresler and Berry (1950) also from the UCO group, 
reported an some fundamental aspects of energy character- 
istics of ankle joints, (normal as well as artificial) 
and also compared several artificial ankles. They stated 
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Energy Energy Ratio=. Output 
Input Input Output 

(ft-lb) (ft-lb) 

Average of four Normal 

ankles 10.2 24.1 2.3 

Average of two 
Below-knee Amputees 8.43 2.73 0.32 

(with Single-axis Ankles) 

Average of two 

Above-knee Amputees 12.8 3.97 0.31 

(with Single-Axis Ankles) 

Table 4.3.1. (a) (from Bresler & Berry, 1950) 

I 
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that when an artificial foot rotates about the ankle 
joint from the neutral positiontwork must be done 

against one of the bumpers and stored In that bumper. 

This rotation constitutes energy input to tho joint. 

When the foot is returned from the displaced position 
to the neutral position, the compression Is relieved and 

energy is returned to the system; this constitutes 

energy output of the joint. 

In the normal ankle, however, the muscles are 
incapable of storing mechanical energy, they could only 

generate power. Therefore it is more difficult to 

define the input (or output) energy of a normal ankle. 
In order to compare normal ankles with artificial ankle 

mechanisms# Bresler and Berry generallsed the definition 

of the output and input energy as follows : 

a) the work done while the forces 

same direction as the rotation 

as input to the ankle joint. 

b) the work*done while the forces 

direction opposite to that of 
defined as output of the ankle 

an 
of 

on 
the 

jo 

the foot act In the 

the foot is defined 

the foot act In the 

foot rotation is 

int. 

The values of the input and output energy as well 

as the ratio of output for normal ankles and the single- 

axis'ankles are as shown in Table 4.3.1(a). 

For the normal anklest the excess of 13.9 ft-lb of 

energy output was regarded as the not amount of energy 

supplied to the body by the muscles of the ankle joint 

for each step. The investigators commented that if an 

amputee is to walk at the same speed and cadence as a 

normal person he must compensate for the lack of muscles 
in his prosthetic leg by doing more work with his normal 
leg. 
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Figure ý. 3.1(b) (from Fish man et al, 1955) 
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It is apparent that the value of the ratio of 
output to Input can never exceed one for an artificial 
ankle jointq as this ratio indicates the efficiency with 

which the joint stores and releases energy. 

For the single-axis ankle# the excess of 0.83 ft 
lb input registered for the above-knoo amputees and 
5.7 ft lb input for below-knee amputees represented the 

not amouni of energy lost in friction by the ankle joint. 

Both groups of amputees indicated a loss of nearly 70% 

of the energy. The investigators stated that the loss 
is excessive and suggested that through proper design of 
bumper seatsp better materials and workmanship, these 

losses can be minimised. 

When the SACH foot was being developed at UCO in 

the early 1950sp six prototypes were submitted to Now 

York University for an Independent evaluation, (Fishman 

et al, 1955). Three below-knee and three above-knee(malo) 

amputees participated in the evaluation programme. All 

were accustomed to wearing conventional wooden (single- 

axis with toe-break) prosthetic feet and were rather 

active prostheses users. 

The evaluation programme Involved four separate 
independent analyses. The "Medical group" studied the 

effects of- the SACH foot on amputee performance; the 

"psychological group" was looking at the effects of the 
'new' foot on the psychological aspects of prosthetic use; 
the "Engineering Group" was interested in establishing 

objective identification of effects on gait and an 

analysis of the design of the SACH foot and the 

"Prosthetic Section" considered. the. fitting'aspects of 
the foot. 

The protocol was that each subject was studied first 

by wearing his own prosthesis with the conventional foot. 
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Then the ankle and foot assembly was removed and tho 

SACH foot was installed in its place. After four wooks 
of wearing the 'new' footq the studies were repeated 

and comparisons between pro- and post- data were made. 

The "Medical group" reported no obsorvnblo 
difference in ambulation with the conventional and SACH 

foot. Howeverp subjective reactions of the amputees to 

the 'new' foot were extremely favourable. The major 

advantages were in relation to the cushioning affect of 
the foot at heel contact and the smooth transition of 

weight from heel to too during stance phase. The 

amputees, to a lesser degree, also liked the security 

and improved socket comfort afforded by the now footp 

especially for walking on uneven ground. 

There was unanimous acceptance of the SACH foot by 

all subjects from the psychological point of view. The 

psychological experiences were positive towards an 
increase feeling of balance, simulated proprioceptive 

sensations and improved cosmesis. Negative reactions 

were claimed to be insignificant. 

The engineering analysis revealed only one major 
functional difference with the SACH foot. There was a 
tendency for a smoother transition from heel to toe for 

above-knee amputees, see Figure 4.3.1(b). Although, no 

such difference was observed for the below-knee amputeeg 
the investigators believed that it was obscured by 

certain characteristics of below-kneo amputee gait. It 

was observed that the direction of the fore and aft shear 
for the SACH and "conventional" footo presented in Figure 

4.3.1(b), was different. No explanation was given by the 

investigators for the change in direction. 

The structural analysis found that the probability 

of foot laminations separating with continued use was 



165a 

3: 120 

0100 

ft- 0 

'; 60 
CL 

40 

20 

%% 

i 

if 

ii 

S 

\ 'I' 

)\\\ 

\t 

. Is. W 
0 10 20 30 40 50 60 70 80 90 100 

PER CENT STANCE- PHASE TIME 

FORCE PLATE PATTERNS 
LEVEL WALKING NORMAL SPEED 

ONVENTIONAL FOOT 

... -........ PRODUCTION FOOT WITH MEDIUM HEEL 

EXPERIMENTAL FOOT 

Figure 4.3.1(e) Force Plate patterns of Prosthetic 

feet 
(from Kay et alp 1957) 



165 

high. This was confirmed by the prosthetic fitting 

assessment section. Apart from this defect, the 

conclusion from the evaluation was that the SACH foot 

has desirable functional charactafistics. 

A supplementary report (NYU* Nov. 1955) took a 

closer analysis of the stance phase characteristics of 
the SACH foot, particularly the heel stance time. The 

indicator chosen to represent heel comprosion was not 

satisfactory. While it is valid to use the variation 

of distance between a defined ankle position and the 

heel line for the SACH foot, it is not a true measure of 
heel compression for the Uniaxial wooden foot, since 
this distance does not vary with heel compression. 
Thereforep comparison made between the two measures has 

to be viewed with caution. 

The report claimed that the SACH foot Is almost 
identical to non-amputee characteristics and closely 

approximates that of the amputee's good leg-when consi- 
dering the temporal structural of stance phase, see 
Figure 4.3.1(c), Furthermoreq comparison of the ratio 

of prosthetic to unaffected leg stance phase showed that 

with the SACH foot there was a slight improvement over 
the conventional wood foot, see Figure 4.3.1(d). This 

was regarded as an indication for better comfort and 

stability. In this report the Investigators were quick 
to realise the limited sample that they had and therefore 

stated that the findings reported were not conclusive 
but serve merely as indicative of trends. 

' 
From the encouraging results of the evaluation, 

subsequent revisions were made to Improve the prototype 
SACH footg according to the recommendation. Investi- 

gation on this revised SACH foot (NYU, April 1956) 

Indicated that the foot had overcome the maintenance 

problems of the earlier model without sacrificing its 
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Type of 
Amputation- 

Above-knee. 

Below-knee 

IN - 

Body 
Weiqht 

Over 180 lbs (82 Kg) 
Under 180 lbs 

Over 140 lbs (64 Kg) 
Under 140 lbs 

Recommended 
Heels Stiffness 

Firm 
Medium 

Firm 
Medium 

Table 4.3.1. (b) (from Kay et al. 1957) 



functional characteristics. As a result of this studyg 
the SACH foot was placed In production and the first 

batch of satisfactory production models was again 

subjected to evaluation, Kay et al*(1957). 

The production models SACH feet were compared with 
the previously tested prototypes. Structural functional 

comparisons under static conditions, (i. e. not Involving 

amputee use) and the more dynamic conditions of amputee 

wear were undertaken. Static compression and heal 

compressibility during walking revealed that the 

production model feet were softer than the prototypes 

and that there was little difference In compressibility 
between "firm" and "medium" heal stiffness of the 

production models. Data from force plate studies showed 
that the vertical load curves for the prototypes and 

production model SACH foot and the conventional wood 
foot were all completely different, see Figure 4.3.1(o). 

The cause of these differences was not known by the 

investigators. 

Tests for stability and gait pattern produced no. 

significant differences between the production model 
SACH foot and the prototypes. Another aspect evaluated 

was the developer's guides for selecting the proper heel 

stiffness for male adult above-knee and below-knea 

amputees, see Table 4.3.1(b). The analysis revealed that 

the two categories of heel stiffness tested tended to 

overlap in their compressibility qualities. In terms of 
function there was no measurable differences in the two 

classes of heel stiffness. Furthermore, the amputees 

were not able to discriminate accurately between "firm" 

and "medium" heels. 

In genefal the evaluation team recommended the 

acceptance of the production model SACH foot and its 

installation manuals with the condition that strict 
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quality control should be exercised In tho manufacturing 

process. 

North et al (1974) reported on the performance of 

the Jaipur Foot. Using an instrumented force transducing 

pylon attached to a PTB prosthesis, they compared the 

biomechanical performance of the Jaipur foot with the 

SACH foot. The analysis was not able to significantly 

evaluate the difference in the kinetic data. It was 

recognised that a large number of patients tests is 

required to investigate the significance of the varia- 
tions. Howeverg from the axial force curves, Figure 

4.3.1(f) it would appear that the SACH foot has a 

smoother heel to toe transition than the Jaipur footp 

although North et al claimed that the amputee subject 

preferred the Jaipur foot and adapted to the less 

compliant heel section quickly. 

Mass is one of the important criteria in the design 

of prosthetic ankle/foot assembliest see Section 4.2.1. 

Godfrey et al (1977) studied the effect of additional 

prosthetic foot mass on gait pattern. Six above-knee 

amputees each with a different knee unit were observed 

while walking with two different weights 113.4 and 
226.8 gm added to their prosthetic foot. Gait charac- 
teristics were determined by direct measurement of the 

knee angle, heel strike intervalv stride length, stance 
time and knee angle at heel strike. Average horizontal 

velocity and heel rise velocity were calculated as well 
for analysis. 

No significant change in the gait 

observed in the study. One subject was 

an extra 0.45 kg mass on his leg. fhIs 

difference to-the gait parameters. The 

patients tiring sooner due to the extra 
taken into account in the study. Even 

pattern was 
then loaded with 

also made no 

possibility of 
load was not 

sog more studies 
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DATA ON Dis-minUTION or S. A. C. 11. FxET 111 12: 1 AmPUTIMS 

No. of 
S. A. C. 11. 

Feet No. of 
No. of * N, o. or NN 0. oI Iteplared X 0.0 f Amputees 

S. A. C. 11. S. A. C. 11. SA. C. 11. with Arn- Noticing 
Feet Feet Un. Pect Conventional putmi No 

Type of Prosthesis' L-tsued satisfactory Repaired Feet Satisfied Diffe-rence 

CantLdi. in-Iiip-(Ii. -tL, Lrticulat ion 
prosthesis 3 0 0 0 2 1 

Above-the-knee pro. -Otesi. 4 
(conventional and suction 
socket) 4G 0 2 0 45 1 

Below-the-knee prostliesis 
(mlip socket, conventional, 
all types) unilateral GS 1 10 1 67 1 
bilaterad (3) 6 2 2 2 2 0 

N SYrnes type prosthesis 3 0 1 0 3 0 

Table 4.3.2(a) Distribution of SACH feet to Amputee 
population 
(from Gordon & Ardizzohe, 1960) 
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in this area is perhaps required to establish the 

op 
* 
timum range of prosthetic foot mass for futura design 

and development. 

4.3.2. Clinical Evaluation 

most of the clinical experiences with prosthetic 
feet reported in the literature have boon concerned with 
the prescription of SACH foot. 

Gordon and Ardizzone (1960) reported their 

experiences of prescribing SACH fact and following-up 

123 amputees. Table 4.3.2(a) illustrates the distri- 

bution of SACH feet amongst the various levels of 

amputation and Its success rate. Three amputees found 

no significant differences between the SACH foot and the 

conventional wood foot. Another three (one unilateral 

and two bilateral) below-knee amputees preferred the 

conventional wood foot. Altogether about 5% did not 

enthusiastically approve the SACH foot. Of. the remaining 

amputees who constantly used the SACH foot, four had 

their devices replaced, while those requiring repair and 

maintenance were reported to have minor problems. 

The two principal advantages of the SACH foot noted 
by amputees of all levels were the shock absorption at 
heel strike with resultant minimum Jarring and iriitation 

of the amputation stump, and the reduced amount of 

maintenance and repairs as compared with previous wooden 
feet. The major disadvantage reported was that of 
instability resulting from the compressible heel. This 

they stated could cause impaired balance during standing 

and during the stance phase of walkýng, especially in 

bilateral above-knee amputees. 

Wilson (1962) reported on a survey of the extent to 

which the SACH foot had been used and the problems 
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encountered In using SACH foot. Ninoty-nina limb 
fitting contras in the United States participated in 
the survey. 

The SACH foot was found to be in widespread use. 
Although 61% of the contres found that maintenance 
problems wore significant, 75% reported that loss 
maintenance was required for the SACH foot than for any 
other types in general use. All levels of amputation 
were claimed to have had successful fittings with the 
SACH foot. 

These data were discussed amongst manufacturers of 
SACH foot, who all agreed that less than one percent of 
the feet produced had total troubles. They statod that 
the problem of heel collapsing had been rectified by 
using another type of rubber in the heel cushion. The 
"noisy" feet due to unsaturated belting has been cor- 
rected by substituting a high grade rubber belting for 
the previously used balata belting. 

Taylor (DHSS, 1973) commented that 24 below-knee 
amputees, who participated In an evaluation programme an 
the below-knee modular system, were users of Unlaxial 
wooden feet. Howevert when they were introduced to the 
SACH foot in the evaluation programhe, 20 expressed a 
preference for the SACH foot while the remainder were 
satisfied with it. The amputees' comments were mostly 
an the lively feel of the foot and the. nice cushion 
effect at heel strike compared to the Uniaxial wooden 
foot. 

4.3.3. Mechanical Testinn 

Durability is an important feature In prosthetic 
ankle/foot mechanisms. The only known research towards 
this area was reported by Daher (1975). This study was 
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aimed at evaluating the durability of nine difforont 

commercially available SAN foot. Tho toot procoduro 
was based an the criteria outlinad by tho Veterans 
Administration Prosthetic Contra, Now York In Its 
"Standards ans Specifications for proathotic foot/anklo 

assemblics". A brief description of the protocol used 
is as follows : 

An j-ray 
was taken of each foot before testing. 

Hardness tests on the heal and sole of the foot were 
conducted using a "Durometer" machine# which is capable 
of recording the loading and unloading phases. This 

apparatus was described in Daher et al (1974). The 

foot was then mounted onto a cyclic load testing machinot 

which simulates the walking cycle. Details of the 

machine-were given in Daher and Heath (1974). The cyclic 
load applied to the prosthetic foot was such that it 

simulated the vigorous walking of an active amputee 

weighing approximately 100 kg. Figure 4.3.3(a) shows 
the average loading on the foot in one cycle. 

During the cycling processq hardness testing was 

conducted at 5,000; 109000; 209000; SOpOOO and 100,000 

cycles. Subsequeýnt hardness testing was also carried out 

at every 100,000 cycles. After testing, an X-ray was 
again taken of each foot. 

Figure 4.3.3(b) shows the hysteresis curves for 

heel and sole resistance of one of the specimens being 
tested; the. hardness test taken at 101 cycles is 

superimposed onto the test taken at 500,000 cycles. The 

permanent deformations experienced by each of the nine 
SACH feet at cycling intervals of StOOO and'500,000 for 

the heel and sole is as shown in Figure 4.3.3(c). Feet 

that registered high permanent deformation values show 

up visibly In the comparison of X-ray films prior to 

and subsequent to testing. 

170 
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From all the results gatheredt Daher concluded 
that if the initial hardness test an sale resistance 
falls below the minimal Veterans Administration 

specified resistancet regardless of resilient response 
indicated by the initial hysteresis curvet unacceptable 
permanent deformation and resistance changes may be 

anticipated. As for the heal sectiont significant 
reduction of the encompassed area of the hysteresis 

curve within StOOO cycles would give rise to unacceptable 
permanent deformation and/or resistance change. In 

generalq a large response of the materials to load 

changes would lead to premature breakdown of the foam or 
foam and belting used. 

Several recommendations were made with regard to 
the design of the SACH foot: a more resilient foam is 

required in the toe break areat single belting to main- 
tain the bond of the toe section to the heel Is 
desirablet cross-sectional dimensions at too-break should 
be increased to the limit, hardwood keel should be used 
in all SACH feet and a good bond between the foam and 
rigid members of the structure must be insured. 

For quality control in setting standards, it was 
recommended that cyclic testing of all SACH feet may be 
determined at 5,000 cycles or less, since, major deforma- 
tion and changes in resistance occur prior to 5,000 

cycles. It was highly emphasized that durability Is only 
one criterion of a functional SACH foot and therefore 

results obtained as such must be interpreted with a 
degree of caution. It was stated that further studies 

were required to adequately define and correlate 
functions of artificial feet as r ela 

' 
ted to levels of 

amputation and levels of activityl to provide the 

ultimate in amputee comfort and gait. 
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Patient Profiles 

This section gives a brief description of the 

profiles of patients who participaiod in this evaluation 

programme. To quantify the activity level of each 

patient, the assessment method defined by Day (1981) was 

used. Figure 5.1(a) illustrates the assessment report 

sheet (i. e. within the darker border lines) together 

with the scoring aid. 

All patients are male and will be Identified by 

the assigned subject coda as defined In Appendix Dl. l. 

A description of the patient's prescribed prosthesis is 

also given. 

5.1.1. Below-knee Amputees 

Figure 5.1.1(a) shows the general particulars of 
the six below-knee amputees Involved in the project. 

I'll - Patient Code : BR902 (activity level - 21) 

This patient, 67 years of age, is a retired 
foundryman. He spends most of his spare time In garden- 
Ing and motoring. He does all the shoppings cookingg 

cleaning and clothes-washing in the house. 

His stump is conical and rather bony# although 
there are some soft tissues present on the anterior half 

of the stump. The distal ends of both the tibia and 
fibula are rounded but no bony bridge exists between 

them. The knee joint has a full range of motion and is 

well powered. 

The prosthesis issued to him is an Otto Bock 

modular PT8 with supracondylar suspension and a medium 

grade heel SACH foot. The patient tends to walk with a 
long stride although the step length Is fairly even. 
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Patients Year of 
Birth 

Year of 
Amputation 

Course of 
Amputation 

Side-of 
Amputation 

Condition 
of Stump 

BRVV2 1915 1964 R. T. A. Right Good 

BRO03 1947 1967 R. T. A. Right Good 

BRVV4 1926 1967 Trauma Left Good 

13RV05 1927 1952 Trauma Right V. Good 

13RO07 1922 1944 Trauma Right Good 

BLV12 1939 1974 Osteomyel-ý Left V. Good 
itis 

Figyre 5.1.1(4)Particulars of Below-Knee Amputees 
N. - 
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He has a relatively good gait except for a tendency to 

linger on the ball of the prosthetic foot and than drop 

onto the sound side abruptly. This was considered to be 

habitual. 

Patient Code : 89VV3 (activitY loval - 26) 

This patientg 35 years of agog Is a taxi driver. 

He also holds a driving licence for every road vahiclot 

which indicates that his amputation has had little 

limiting effect. He spends most of his spare time In 

gardening as well as various sporting activities. 

His stump is in good condition with a full range 

of motion available and a powerful knee joint. The cut 

bones are rounded with the fibular being approximately 

25 mm shorter than the tibia. 

The prosthesis prescribed is a standard PTB with 

cuff suspension and a SACH foot of medium grade level. 

The patient walks with a relatively good gait except for 

the narrow base. 

Patient Code : BLOV4 (activity level - 42) 

This patient, 55 years of age is employed as a 

factory worker. This job requires him to do a fair 

amount of walking. He spends his spare time bowling, 

fishing and dancing. 

His stump is in good condition; stable and well- 

matured with a full range of motion available. It is of 

medium length and conical in shape. 

The cont: ractor's limb Issued is a standard PTB with 

cuff suspension and a wooden Uniaxial foot. 

9 
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Pntlent Code : BROVS (OctivitY level - 21) 

This patient, 55 years of age is unemployed, Ito 

spends most of his spare time in gardening and docorating 

the housot as well as doing odd jobs. 

His stump is in good condition with a full range of 

motion available. It is of medium length and possesses 

good mubcular strength. 

The contractor's limb prescribed is a standard PTO 

with supracondylar suspension and a SACH foot with a 
firm grade heel. 

Patient Code : OR007 (activity level - 44) 

This pationtt 60 years of age, is employed as a 

caretaker of a shopping contra. His job includes 

sweeping, cleaning and general maintenance of the contra. 

He spends his spare time fishing, model making# dancing 

and cycling (both pedal and motor). 

His stump is long and is in good condition with a 

full range of motion available. The knee joint Is well 

powered and good muscular strength is available. 

The prescribed prosthesis is a standard Kellic No. 8 

with a thigh corset, side steels with knee joint and 
leather socket metal leg, and a wooden Uniaxial foot. 

The patient walks with an exceptionally good gait. 

Patient Code : BLV12 (activity level - 44) 

This patient, 43 Years of age is employed full-time 

as an engineer with Rolls Royce. On top of this, he 

spends another 40 hours per week as a former, working on 

his own farm. His spare time, if any, is spent in 
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Patients Year of 
Birth. 

Year of 
Amputation 

Course of 
Amputation. 

Side of 
-Amputation, 

Condition 

. of. stump 

AR001, 1925 1944 Trauma Right V. Good 

AL006 1934 1957 Trauma Left Good 

AR010 1920 1953 R. T. A. Right Good 

AR011 1936 1962 R. T. Aj Right V. Good 

AL013 1949 1968. Elective .. .... Left .... .. V.. G'ood. 
.......... (Deformity), 

Figure 5.1.2(a) Particulars of Above-knee Amputees 
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playing golf and dancing. 

His stump is in good condition with a full range 
of motion available and the knee joint is woll powered, 

The prescribed limb is a standard PTO with cuff 

suspension and a mouldod-typo Uniaxial foot. The patient 

walks with a relatively good gait. 

5.1.2. Above-knee AmpUtees 

Figure 5.1.2 (a) shows the gonoral, particulars of 

the five above-knee amputees participating in the 

evaluation programme. 

Patient Code : AR001 (activit'y level - 19) 

The patient, 57 years of age, is unemployed. He 

does his own shoppingg cooking, cleaning and clothes 

washing. He spends his spare time socialising, reading 

and watching television. 

His stump Is in good condition with a full range of 

motion available. It is of medium length and has very 

good muscular strength. 

The prescribed contractor's limb is an Otto Bock 

modular quadrilateral, total-contact suction socket with 

a single-axis knee unit and a SACH foot with medium 

grade heel. The patient uses a'stick when walking 

outdoors. 

Patient Code : ALM6 (activity level - 30) 

The patientq 48 years of age Is employed as a 
telephone operator. He spends his spare time bowling 

and b-ocialising. 
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His stump is in good condition with a full rango 

of motion avallablo. Tho musclo strongth in tho stump 
is fair. 

The prosthesis issued Is an Otto Dock modular, 

quadrilateralp total-contact suction socket with a 

single-axis knee unit and a mouldod-typo Uninxial foot. 

Pationt Cýde : AR01V (activity lovol - 49) 

This patient, 62 yoors of ago, is omployed as a 
technical officer with the RAF. In his spare tima ho 

coaches trampolinev plays golf and does quito a bit of 

walking. 

His stump is in good condition with a full range 

of motion available. It is fairly short In length but 

possesses very good muscular strength. 

The prosthesis issued Is a Kellic Metal leg with 

a plastic quadrilateral total contact suction socket. 
The knee unit is the single-axis type and the prosthe- 
tic. foot is SACH with medium grade heel. 

Patient Code : ARV11 (activity level - 45) 

This patient, 46 years of age, works as a 

carpenter in fitting out ships. He spends his spare time 

in gardeningo reading, socialising and watching 
television. 

He has a long and powerful stump. It is also in 

very good condition with a full range of motion 

available. 

The contractor's limb supplied is a Kellic Metal 

leg with a "H" type metal suction socket. It has a 
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single-axis knee unit and a wooden Uniaxial foot. 

Patient Code : AL013 (activity lovol - 42) 

This patient is 33 years of agog is employed as a 

prosthetist. He helps in some of the household choros 
like shoppingg cooking and cleaning. In his spare time 

he plays golfv snooker and socialisas. 

His stump Is in very good condition with a full 

range of motion. It is long and has wary good muscular 

power. 

The prosthesis prescribed is a Kellia Metal log 

with a plastic quadrilateral total-contact suction 

socket. It has a single-axis knee unit and a SACH foot 

with a firm grade heel. 

5.2. Selection of Prosthetic Feet 

The two types of prosthetic feet being evaluated 

in this project are : the SACH foot and the "moulded- 

type" Uniaxial foot (hereafter referred to as Uniaxial 

foot). Both these feet were manufactured by Otto Sock 

Orthopadische Industrie KG. Figure 5.2(a) and (b) show 

the cross-section of the SACH and Uniaxial feet, 

respectively. The construction of the internal wooden 

keel of both prosthetic feet was found to be very 
different. The distal section of the keel of the SACH 

foot and the belting are somewtvat concave in shape. This 

tends to give a smooth rolling action over the ball of 

the foot. The distal section of the keel of the Unlaxial 

foot and the belting are slightly c. onvex in shape. 

Furthermore, the keel of the Uniaxial foot was observed 

to be made up of wood of different hardness. The 

rationale behind these designs is not clear. 
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The SACH foot Is available In three dLfforont 

grades of heel stiffness : softt modium and firm, This 

range of choices was f ound to be suf f iciont f or all the 

patients tested. The UnLaxial foot has only ona plontor 
rubber bumper of standard stiffness supplied together 

with the modular typo foot-shank attachment unit. This 

proved to be Inadequate during fitting. The solution 
adopted to solve this problem is presented In the 
following section, 

Load-def lection tests as specified by the Veterans 
Administration were carried out to chock If the foot 

used complied with the specification. Furthermore, they 

allowed comparisons to be made between the hool stiffness 
of the SACH and Uniaxial feet preforrod by a particular 
amputee. 

5.2.1. Plantar Rubber_Bumpers 

Traditionally, most manufacturers supply one 
rubber bumper of a certain stiffness and the correct 
stiffness is achieved by precompression using suitable 
packing material or by paring down the rubber. In this 
Investigation, the problem of achieving the appropriate 
rubber stiffness is being solved by providing a selec- 
tion of. bumpers of varying stiffnes's. It was envisaged 
that this will make fitting easier and make the achieve- 
ment of the desired characteristics of the foot more 
exact. 

Natural rubber compounds designated D42/3, D42/49 
D42/5 and D42/69 having vulcanised Share A hardness 
values of 55 09 6009 Boo and 85orespectively, were 
provided by the Malaysian Rubber Producers' Research 
Association. A simple three part compression mouldv 
including an ejectort was designed and manufactured, see 
Figurp 5.2.1(a). The shape of the mould was designed to 
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be exactly the same as the Otto Dock rubber bumper. 

By weighing the Otto Back 

estimate of the required amount 
$new' bumper could be obtained. 

into the mould which by now was 

hot plates Of the moulding pros 
then compressed between the hot 

5 tonf/sq. ft. The curing time 

at 1551C. 

rubber bumperg an 
of'matcrial to form the 

It was than packed 

already warmed up In tho 

a. The loaded mould was 

plates at a pressure of 

was sat for 20 minutes 

The four rubber bumpers made in the Diaonginearing 

Unit (hereafter called "Strathclyde" bumpers), as well 

as the Otto Bock rubber bumper wore subjected to 

compression tests on an Instron Mechanical testing 

machine. Figure 5.2.1(b) shows the load versus deflec- 

tion curves of each of the bumpers. The original rubber 
bumper tends to. buckle at a load of about 50 kg. p even 

with extreme care taken in ensuring pure compressive 
loading. All the "Strathclyde" bumpers proved to be 

much more stiff than that of the Otto Bock. 

5.2.2. Mechanical Testinas 

Initial fittings and pilot tests were conducted on 

each of the patients involved in the evaluation programme. 
On these ocassionst the preferred heel stiffness of the 

SACH foot and the Uniaxial foot for each patient was 

noted. Each prosthetic foot recorded was then subjected 
to mechanical testings according to the standards and 

specifications proposed by the Veterans Administration 

Prosthetic Centre (1973). 

A brief description of the different types of test 

is presented in the following, for detail the reader Is 

referred to the article VAPC-L-7907-2, June 1973. 
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PLANTAR FLEXION TESTING 
(Heel Compressibility) 

2-26 

-, 2-03- 
E 

1-77- 
F= 
b3 J 1-52- 

1"01- 

-76-- 

-25-+ 

0 

OTTO 
BOCK 
RUBBER 
BUMPER 

D42/3 

D42/4 
D4? J5 
D42/6 

IS 

. 
27 36 45 4 

LOAD ( kg 

Figure 5.2.2(b) Plantar Flexion Curves of Uniaxial 
foot with varying plantar-rubber 
bumpers 

.. 0 
Iddok 



183 

Plantar flexion of the foot was tested by applying 
load to the apex of the heal to approximate the forces 
applied to the foot during the period of heal contact to 
foot flat. The foot Was placed in a plantar flexed 

positiont 150 to the horizontal. This represents the 

angle of approach for the foot during heal contact in 
normal level walking. The maximum load applied was 54kg 
as specified. 

Dorsal flexion and too-extonsion was tasted by 
applying load to the plantar surface of each foot in the 
area of the too. The foot was placed in a dorsifloxion 

positiont 30 0 to the horizontal, This represented the 

angle of foot-during push-off in normal level walking. 
Vertical loads up to 45 kg wore applied to approximato 
the forces applied to the foot during the period of mid- 
stance to push-off. 

Although no mechanism was designed In either the 
SACH foot or Uniaxial foot for eversion and Inversion 

movements, the polyurethane foam moulding does provide 
media-lateral cushioning. Therefore, resistance to 

eversion and Inversion forces was also tested. A 

vertical load of 45 kg was applied to the lateral border 

of the heelt which was mounted at an angle of So to the 
horizontal in a position of inversion. The linear 
deflection'recorded represents motion in the direction 

of eversion. The foot was then tested by applying the 

same load on the medial border of the ball of the foot, 
held at an angle of 60 to the horizontal, in a position 
of eversion. 

No transverse rotation is Incorporatedin either 
of the feet tested, therefore a rotational test procedure 
was not included. 

A rig and fixture was fabricated to permit the 
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prosthetic foot to be fixed up in the various positions 
as specified. The foot when sot up, uos subjected to 
compression load on the Tinius-Olson Mechanical Tooting 
Machine. 

The planter flexion tests showed that each of tho 
SACH feet tested complied with the VAPC specification as 
far as the heel stiffness was concerned. The variation 
of the'data found in the same specified stiffness could 
be due to the slight quality difference in the foam used 
as heel cushion. The Uniaxial fact with original heel 
bumpers were found to be in the firm heel stiffness 
range. The variation of data present could be duo to 
the quality of the rubber bumper and/or the position of 
the hinge-axis relative to the bumper, see Figure 
5.2.2. (a). 

The firm heel stiffness provided by the original 
rubber bumper was found to be "too soft" by most amputees 
during the initial fitting period and also during pilot 
tests. Therefore, "Strathclyde" rubber bumpers with 
higher stiffness were used. These were tested 

one at a time on the same foot. The results showed that 

all the "Strathclyde" rubber bumpers were much more 
stiff than the original one, see Figure-5.2.2(b). t 

-1"4 

The curves plotted for the "Dorsal Flexion and too- 

extension" tests show very similar characteristics 
between the SACH and Unixial feet. Figure 5.2.2(c) shows 
the variations of the data collected from all the feet 
tested. The band of variations for the SACH feet seems 
to be fairly constant, whereas the band for the Uniaxial 
feet tends to spread wider with Increasing load. Never- 
theless, according to the VAPC specification, all the 
feet tested are classified as "soft" for dorsal flexion 

and toe extension. 
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Figure 5.2.2. (d) shows the results of the 
"aversion-invorsion" tests carried out on 6 SACH fact and 
6 Uniaxial feet. All the deflection values shown, excood 
the minimum deflection specified by the VAPC, viz O. Scm. 
The average "aversion" values for both the SACH and 
Uniaxial feet show very small difforonceog however the 
average "inversion" values of the SACH foot are 
considerably larger than the Uninxial foot. 

Experimental Set-up 

The review of existing recording systems for 
kinematic data in Chapter 2 provided a basis for the 

selection of a suitable system for use in this project. 

The main options considered were : television 

system, Selspot, and cinecamera system. In view of the 

enormous amount of kinematic data that were going to be 
handledo the first two options seemed highly recommend- 

able. Both have the advantage of recovering kinematic 
data very rapidly when used with an on-line computer. 
However, closer examination of these systems ', revealed 

several undesirable characteristics. 

In the case of the television systemg ambiquous 
signals may arise when markers are physically close to 

each other-and therefore make them undistinguishable. 
This problem is understood to have been overcome by the 
selspot system through the time-multiplexing technique 

used in sampling. Howeverp the Salspot system has 

several drawbacks, mainly the unresolved reflection 

problemp especially when markers are positioned near to 

the floor. Besides these shortcomingst both the systems 
require human intervention where marker trajectories arc 
Incomplete or confused. 

Data recovery from cine fil. "n is both tedious and 

185 
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time-consuming, thus making the cine camera system vary 

undesirable. Howovert the system does provide a 

complete visual image and when a marker is completely 

obscured for a short interval, the human operator can 
interpolate its position without too much difficulty. 

Furthermore# the system can be easily designed to allow 
three-dimensional analysis on the contralataral sides of 
the human body. It was for these reasons that the cina- 

camera -system was chosen. 

Since both the natural and prosthetic logs were 

going to be Investigated in contralatoral fashion, It 

appeared that a force platform measuring system was most 

suitable. 

5.3.1. Kinematic Recording System 

The walkpath is approximately 20 metros long. It 

consists of 2 force measuring platforms, 3 cine-cameras 

and a set of overhead floodlights above the force plat- 
forms. A diagrammatic representation of the overall 

arrangement Is illustrated In Figure 5.3.1(a). 

The prime purpose in using this particular set up 
is that it allows a 3-dimensional analysis on the contra- 
lateral sides of the human body. 

The frame supporting the lamps can be adjusted to 

the required height to suit filming condition. Altoge- 

ther 10 lamps are used, these being spread appropriately 

over the frame to give an even light distribution over 
the test area. The overall light intensity can be varied 
to accommodate the type of films used in the cinecameras. 
A light meter is used for this purpose. 

The three cameras used are trade-named Paillard 

Bolex. HI6. The films used were 16 mm "Kodachrome 40" 
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colour films. The reason for using colour was that It 

gives clearer and better definition of the body markers 
as well as the prominent anatomical features of the body. 

Each camera is driven by a synchronous motor at 

mains frequency (i. e. 50 Hz + 0.2 Hz) through a goor 
ratio of 8: 1. The internal goar ratio of the camera Is 
1: 8, there 

, 
fore a shutter frequency of So cps (i. e. 20 ma 

per frame) Is achieved. However, the shutter Is sat at a 
speed of 1/125th of a second; I. e. the shutter Stays open 
for 8 ms of the 20 ms duration. 

The cameras were aligned and bolted to the ground, 

such that the relative position was fixed throughout all 
the experimental tests. The optical axes of the three 

cameras Intersect directly above the contro of the two 

force plate arrangementg which was the origin of the 

ground frame reference. All the camera units were 

equipped with a "Forward/Rewind" switch. which determined 

the direction of rotation of the motor and a "Local/ 

Romote" switchq which allowed all the cameras to be 

operated locally or from the control unit by a single 

switr-h. 

The relative position of the cameras and the force 

plates was such that the walking cycleg (i. e. the stride)t 

of both le, gs could be accommodated within the field of 

view of all the cameras and both feet were able to hit 

the force plates sequentially. 

The height of the cameras and the distance of each 

one to the origin of the ground framo reference is as 

shown in Figure 5- . 3.1(b). In order-to allow the full 

stature of the subject to be filmed. different lenses 

had to be used; 10 mm for the left and right, and 15 mm 
for the front. 
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5.3.2. Force Measurement System 

The two force plates used In the experiment were 
manufactured by the Kistler Instruiýont AG of Switzorland. 
The force platet according to the manufacturer's 
description, is a "multi-componont measurement platform 
for biomechanics". 

Each of the rectangular force plates has 4 trans- 
ducerst one mounted an each pillar at each corner. Each 
transducer consists of three pairs of piezoelectric 
discs. One pair is used to determine the fore and aft 
shear (Fx)p another Is for the vertical force component 
(Fy) and the third one is for the madio-latoral shear 
(Fz). Besides measuring these 3 orthogonal components 

of an applied force on the platformp it is also capable 

of determining the resulting moment vector in its 3 

components (i. e. Mxj My and Mz). Eight charge amplifiers 

and two summing amplifiers are required to obtain these 

six variables. Each of the force plates has Its origin 
40 mm below the top surfaces with the direction or its 

axes similar to that of the ground frame of reference,. 
All the variables are measured or calculated with respect 
to this axes system. 

The two force plate arrangement is as shown In 
Figure 5.3.1(b). The plates are situated on the ground 
floor of the building and mounted in a concrete recessed 
pit, minimising (if not eliminating) any structural 
vibrations inherent in multi-storey buildings. The top 

surface of the plates is flush with the surrounding 
floor. Force plate No. I (FP1) was positioned in a 
reverse order to that of force plate No. 2 (FP2). This 

was due to the wiring difficulties that exist in this 
type of arrangement. Since the axes system used in the 

analysis is the one recommended in the CPRD's "Standard- 
isation of gait analysis parameters and data-reduction 
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technique" (1975), the "X" and "Y" directions of FP1 

arc in the opposite direction. This sign difference was 
remedied in the scaling factor during conversion to real 

unitst (sac Section 6.5.1). 

5.3.3. Synchronisation of Kinematic nnd Force natn 

A single filament flash bulb was used to synchro- 
nise data from both the force plates and the cinacamorns, 
A 12 volt D. C. power supply was used to charge up the 
bulb to flash when operated, simultaneously sanding a 

pulse to be registered in the starting channel of the 

PDP12 computer* Since the sampling frequency of both 
the force plates and cinecamoras was chosen to be the 

same (i. e. 50 Hz)q the flash an the cine films marked 
the same event as the pulse in the starting channel of 
the force plates data# thus making it possible to rolato 
both these data. 

The flash unit was positioned in such a way that 

it could be viewed by all the three cameras andq at the 

same time, not obscure, (or be obscured by), the subject 

walking over the force plates. A shield was put over the 

bulb to prevent glaring and the sudden effect of flashing 

on the subject's vision as he performed the test walk. 
The flash unit also carried the test number display card 

visible to all the three camerasp so that the particular 
test could be identified for analysis. 

5.3.4. Data Storage System 

The computer used in the set-up was a Digital POP12 

mini-computer. Figure 5.3.4 shows a schematic rapresen- 
tation of the arrangement of the equipment In the walk- 

path and the computer room. 

The output of the summing amplifiers was twolvo 

1B9 

0 
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variablest (six from each force plata)v in the form of 

electrical signals. Those have to be converted into 

digital data before they can be stored in the computer. 
Howeverg the analogue to digital (A/D) convertor has a 
limiting range of +lV9 theroforat varying attenuatorop 
(so that each variable can be adjusted independently), 

ware incorporated Into the buffer amplifiers being 

connected to the output of the summing amplifiers. The 

reduction in value of the variables was accounted for in 

the scaling factors# see Section G. S. I. 

Thirteen channels were used during the sampling 

period to store the twelve variables from the force 

plates and the single pulse from the flash unit. After 

sampling was completed, all. the data were than written 

on magnetic tLINCO tape# with each channel occupying 
three blocksq after which the data were displaced an the 

Visual Display Unit (V. D. U) for examination. A success- 

ful test run and its relevant data can be retrieved and 

processed at a later date. 

5,4. Experimental Aporoach 

The detailed experimental procedure is presented In 

the following sections. 

5,4,1. -Body Markers 

Markers used In the experiment were made from light 

weight spherical plastic beads of 10mm diameter. These 

beads were offset from the skin by wooden sticks with a 

hemispherical wooden base of 16mm diameter. The beads 

were painted with luminous yellow paintq so*that they 

could be seen clearly an the cine films. The stalks and 

bases were painted matt black. 

The different types of markers used for Identifying 
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the different anatomical features on the body are as 
shown in Figure 5.4.1(o). The reason for using the 
raised markers was that they can be soon by both front 

and side cameras# thus resulting in high resolution In 
the parallax correction involved In determining the true 

coordinates of the markers. As for the double boad 

markers, the coordinates of a "hidden" point can be 

calculated by knowing the coordinates of the two bonds. 

Positioning of the markers Is an important 

exercise. These markers are used to locate the spatial 
coordinates of joint centros and also to determine the 

orientation of each body segment. (See Section 6.3). 
Therefore, extreme care had to be taken to position these 

markers accurately on the proper sites to define the 
joints and segments. Bony prominences were chosen as 
suitable sites for these markers because they can be 

easily located-by palpation; skin movement about the 

area was minimal and joint centres can be easily referred 
to them. 

I 

As for the prosthetic leg, the marker arrangements 
for the shank and foot were slightly different. For 

the below-knee prosthesisq the tibial tuberosity and 
fibula head markers were transferred onto their respec- 
tive position on the socket, whereas for the above-knoe 

prosthesist the fibula head marker was used to define the 

lateral aspect of the knee axis and the tibial tuberosity 

marker defined the frontal aspect of the artificial knee 

joint centre. 

The mid-heelp too-tip and 5th metatarsar base 

markers were placed on the prosthetic foot so that they 

corresponded to the similar positions on the natural 
foot, When the SACH foot was usedo the lateral malloolus 
marker was positioned on the most lateral point at the 

top of the foot. However, with the Uniaxial footj the 
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marker was positioned on tho shin/shank tuba directly 
above the ankle axis. 

Double-sided adhesive tapes were used to position 
and fasten the markers to their locations. Figure 
5.4.1(b) shows a diagrammatic representation of a subject 
with a full set of markers, as wall as a lint of ft 
descriptions of the markers' locations. Thu numboring 
system of the markers is important for analysis; It also 
indicates the flow of data collection (i. e. from the 
least to the largest numbor)of each particular film 
frame. 

5.4.2. Experimental Prostheses 

With the wealth of experience gained In the eva- 
luation programme on modular assembled prostheses In the 
Unit; viz Solomonidis(editor)h975 and 1980). it was 
decided that the experimental prosthesis would be 

constructed from the modular assembly systomt since It 

permits the change of the ankle/foot component while 
keeping the rest of the components the some. 

From the tw*o studies cited above, the Otto Bock 
Modular system emerged as the system of choice for both 
the below-knee and above-knee prostheses. It was fairly 

simple*to construct and easy to fit. It also provided a 
wide range of alignment adjustment for the prosthatist 
to work with. Patients found it just as acceptable as 
their conventional limbs. 

Following is a description of the experimental 
prostheses used in the patient test.: 

a) Below-knee Prosthesis 

All below-knee amputees were provided with an Otto 



I 93a 

List of, Components- 

Description Material 

1. Socket shell Polyester laminate 

2. Socket Attach- Wood and plastic 

ment block 
3. Socket base plate Steel 
4. Socket head screw Steel 
5. Adjustment screws Steel 
6. Adjustable Clamp Steel 

adaptor 
7. Clamp screw Steel 
B. Shin tube Aluminium A-lloy 

9. Adjustable Steel 

adaptor 2. 
10. Connection plate Plastic 
11. Foot adaptor Steel 

1'2 . SACH foot P. U. foam 
4, 

rubber and wood 

or Uniaxial foot P. U. foam 
5 

with ahkle rubber, wo od, 

mechanism metal and rubbe 

5 

7 

10 

11 

12 

Figure 9.4.2. (a). A Typical BK experimental prosthesis 
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Sock Modular, Standard PTO with suprapatallor cuff 
suspension prosthesis. Each socket had an A20 density 
P. E. Lite (a closed foam polyethylene) linorl 5mm thick. 
A typical below-knoe exporimantal prosthesis Is as shown 
in Figure 5.4.2(a) with a listing of the tomponants and 
its material. 

Standard bench alignment was carried out when the 
inner socket was being bonded to the socket attachment 
blockq broadly according to the P. T. B. manual, (Radcliffo 

and Foort, 1951). Four screws were used to secure the 
socket base plate to the attachment block. The socket 
base plate has a pyramid which was inserted into the 

adjustable adaptor and is held in place by four screws. 
The shin tube was attached to the adaptor and secured by 

a clamp screw. A similar-pyromid/adjustable adaptor 
assembly was used to attach the foot to the distal end 
of the shin tube. The SACH foot was hold in place by a 
single foot bolted onto the attachment plate. As for the 
Uniaxial foot# a pair ofthreaded stems an the ankle/foot 
attachment plate and corresponding nuts were employed. 
It must also be pointed out that two shin tubes of 
different lengths were used; one for the SACH foot and 
the other for the Uniaxial foot. 

The prosthesis was then ready for dynamic alignment. 
Alignment adjustment can be made by rotating the socket 
and foot relative to the shin tube in the antero" 
posterior (A/P) and medio-lateral (M/L) planes. This was 
achieved by successive loosening and tightening of the 

appropriate screws on the adjustable adaptor at either 
end of the shin tube. External and internal rotations of 
the foot were made by loosening 

, 
the 

, 
clamp screw of the 

adaptor and rotating the shin tube to the required angle. 
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List of components 

Description 

I. Pedilen ring 
2. Socket shell 

3. Suction valve 
4. Adjustable screws 
S. Socket head screws 
6. Socket base plate 
7. Pyramids 
B. Knee unit 
9. Adjustable Screws 

1O. Adjustable Clamp 
Adaptor 

ll. Clamp Screw 
12.5hank tube 

13. Adjustment screws 
14. Connection plate 
15. Foot Adaptor 
16. SACH foot 

ot Uniaxial, foot with 

ankle mechanism 
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Rigid P. U. foam 
Polyester 
laminate 
Metal and plastic 
Steel 
Steel 
Steel 
Steel 
Steel and plastic 
Steel- 

Steel 
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Aluminium 5 
alloy 
Steel 
Plastic 7 
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P. U. foam rubber 

and wood 
P. U.. foam 

rubber, wood, 

metal and rubber. 

4 

3 

Figure 5.4.2. (b). A Typical AK experi'mental prosthesis 
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b) Above-knee Prosthesis 

All the abovo-knee amputees were provided with an 
Otto Back modular prosthesis, fitted with a quadri- 
lateral (total contact) suction socket and a Uniaxial 

knee mechanism. A typical abova-knoo experimental 0 
prosthesis is as shown In Figure 5.4.2(b) with a listing 

of the components and its materials. 

Bench alignment was done during the costing of the 

stump. The required socket flexion and lateral tilt 

were incorporated into the cost. The dimensions or 
these parameters depend an the length and musculature 

condition of the stump. Values quoted in Radcliffe 
(1969) were used as guidelines. 

The fabricated socket has to be assembled so that 

the built-in bench alignment is maintained. This was 
done by setting both the medial and posterior surfaces of 
the casting brim horizontally. A plumb line was than 

used to establish the medial and posterior vertical 

reference lines passing through the mid-point of the 

respective brims. With the socket held In this positiong 
the socket attachment block was then bonded squarely to 

the distal built-up end of the socket. The medial and 

posterior vertical reference lines were used to contra- 
lise the attachment block. The build-up of the distal, 

end of the socket with rigid polyurethene foam to 

approximately the length of the thigh Is necessary for 

the correct positioning of the knee mechanism. 

A socket base plate adaptor was secured to the 

attachment block with four screws. 
-The 

pyramid/adaptor 

configuration described in the below-knee prosthosisq was 

used to assemble the socket9 knee unit# shank tube and 
the foot together. Again two different lengths of shank 
tubes were required for the two types of feet used (i. e. 
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SACH and Uninxial). Attachment of those foot to the 
foot attachment plate was similar to that described in 

the below-knee prosthesis. 

The prosthesis was than ready for dynamic align- 

ment. Alignment adjustment of the abova-knoo prosthesis 

was more complicated then that of the bolow-knoo 

prosthesis# due to the presence of the prosthetic knee 

mechanism. All the components in the above knee 

prosthesis can be rotated relative to each other in both 

the antero-posterior and madio-lntaral planes via the 

four tilting screws in the adjustment adaptor securing 
the pyramid. External and internal rotations of the 

foot can be achieved by loosening the clamp screw an the 

adaptor distal to the knea. mechanism and rotating the 

shank tube and foot. Rotation of the knee mechanism 

relative to the socket in the transverse plane was done 

by loosening the four socket head screws securing the 

base plate adaptor and rotating the knee mechanism. 

All the prostheses (both below-knees and above- 
knees) were constructed# fitted and aligned by the same 

prosthetist and prosthetic technician. 

5.4.3. Preparation of test equipment 

Primarily, two areas were involved during patient 
test; namely the computer room and the walkpath. 

In the computer room, the appropriate sampling 

program was loaded onto the PDP12 computer together 

with a magnetic ILINCI tape for data storing. The 

program ("SAMPLBM", written by Jor_dan, 1978) allowed 

the force plates data to be sampled at a specified 

frequency (i. e. 50 Hz) and then stored onto the ILINCI 

tape. Thirteen channels were required to register all 

the variables present (see ýection 5.3.4). The program 
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had the advantage of not requiring an operator at the 
computer terminal, which was two floors above the walk- 
path. The connections botwoon the computer and tho 
force plates, and the flash unit had to be chocked# to 
ensure continuity. 

a In the walkpath, the three cinacamoras wore loodad 

with films. The floodlights ware adjusted and switched 
on wall before the actual patient tests (approximately 

about 20 mins). The focal lengths of all the cameras 
were adjusted under those lighting conditions, with the 
help of a field marker positioned at the contra of the 

ground frame of reference. The aperture on the front 

camera was set at fl. 5 and the side cameras wore set at 
f2.0. All the cameras were then switched an to 'Romotelt 

ready for operation. The power supply to both force 

plates was switched on to allow the plates to worm up and 
stabilise, The settings on the buffer amplifiers were 
checked and recorded (see Figure 5.4.3). The gains on 
both charge amplifiers were adjusted to suit the weight 
of the patient. These too were recorded. The flash unit 
was set uP, with the flash bulb and the pulse going to 
the. computer connected in parallel. 

In this way, the recording system was ready for the 

patient test. 

5.4.4, Test Procedure 

The following is the test procedure with the 

patient fitted with the experimental prosthesis, either 
with the SACH or Uniaxial foot. 

Dynamic alignment was performed by an experienced 
prosthetist. This not only involved the rotating or 
tilting of the various componentsp but it also involved 
the selection of the most suitable density of heel 
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PATIENT CODE: 

VISIT NUMBER: 

GAIT ANALYSIS FORM 

SCORING SCALE 

1- Non. 6; 2 Some'but Satisfactory; 3 Some but Fair; 

4- Excessive and. Unsptisfactory 

GAIT DEVIATIONS SACH Uniax, ial 

a) Abducted gait 

3) Circumduction 

Vaulting 

d) Uneven arm Swing 

e) Uneven Step length 

f) Lateral bending of trunk 

g) Excessive trunk extension 

h) Terminal swing impact 

i) Instability of prosthetic knee 

j) Excessive prosthetic knee flexion 

k) Insufficient knee flexion 

1) Excessive prosthetic lateral thrust 

M) Early knee flexion 

n) Delay knee flexion 

0) Uneven heel rise 

P) Medial whip of foot 

q) Lateral whip of foot 

r) Pro6thetic foot rotation at heel strike 

s) Foot-slap 

t) Toe-out 

- Other comments 

Fiqur6 5.4.4. (a). Gait'Analvsis Fnrin 
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PATIENT CODE: tII 

VISIT NUMBER: 

PATIENTIS PARTICULAR 

NAME : DATL1. OF, TEST 

AGE : WEIGHT : AMPUTATION HISTORY 

SEX :M Fý HEIGHT : DATE .... .. 

CAUSE: 

LEVEL: 
BODY MEASUREMENT(All dimensions in mm) 

W Shoulder 
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Left(L) Right(R) 
% OSH 

DSH 

(ii) Pelvis 

HY 

C 

p 

Left(L) Right(R) 

Pi 

P2 

HX 

HY 

AY 

Figure 5.4.4(b) Body Measurement'Form 

to'be*cont'd 
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cushion for the SACH foot or the plantar bumper for the 

Uniaxial foot. When the "Optimum" alignment was achieved, 

which satisfied both the patient and the prosthotist, the 

patient was allowed to got accustomed to the experimental 

prosthesis. Meanwhile, the prosthotiot made the final 

assessment of the patient's gait an a gait analysis form. 
(See Figure 5.4.4(a)), 

ýarkers were positioned and stuck on to the anato- 

mical landmarks with double-sidod adhesive tape. (Sao 

Section 5.4.1). The patient was than again permitted to 

get used to the markars during locomotion. When every- 
thin*g was ready for the test walk, the patient was 
directed to walk along the walkpath towards the front 

camera at his own natural walking speed. Several 

"dummy" walks were required to establish the starting 

mark for the patientp In order that he would strike both 

force plates during the test walk. Most patients were 

aware of the existence of the force plates and had the 

tendency to alter their walking speed and step length In 

order to hit both plates. To overcome this, an object/ 
target was positioned at the patient's eye level above 
the front camera for the patient to focus an when 

performing the test walk. 

The appropriate test number wýs displayed and a 

new bulb inserted into the flash unit. The data sampling 
sequence is as follows; as the patient approaches the 
force platest (approximately two steps before), the cine- 

cameras are switched on, to all6w the cameras to pick up 
to normal running speed. Immediately, after that the 

charger to the amplifiers of the force plates is activa- 
ted and just before the left foot hits force plate No. 10 

the sampling switch is operated. Immediately after the 

right foot leaves force plate No. 2, the flash bulb Is 

firedt so that it will not affect any relevant film frame 

due t-o the brightness of the flash. After this the 
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cushion for the SACH foot or the plantar bumpor for the 
Uniaxial foot. When the "Optimum" alignment was achlovadt 

which satisfied both the patient and the prosthatist, the 

patient was allowed to got accustomad to the experimental 

prosthesis. Meanwhile, the prosthotiat made the final 

assessment of the patient's gait on a gait analysis form. 
(See Figure S. 4.4(a)). 

ýarkers were positioned and stuck an to the anato- 

mical landmarks with doublo-sidad adhesive tape. (Sao 

Section S. 4.1). The patient was than again permitted to 

got used to the markers during locomotion. When every- 
thin*g was ready for the test walk, the patient was 
directed to walk along the walkpath towards the front 

camera at his own natural walking speed. Several 

"dummy" walks were required to establish the starting 

mark for the patienty in order that he would strike both 

force plates during the test walk. Most patients were 

aware of the existence of the force plates and had the 

tendency to alter their walking speed and stop length In 

order to hit both plates. To overcome this, an object/ 
target was positioned at the patient's aye level above 
the front camera for the patient to focus an when 

performing the test walk. 

The appropriate test number wýs displayed and a 
new bulb inserted into the flash unit. The data sampling 
sequence is as follows; as the patient approaches the 
force platesy (approximately two steps before), the cine- 
cameras are switched on, to all6w the cameras to pick up 
to normal running speed. Immediately# after that the 

charger to the amplifiers of the force plates Is activa- 
ted and just before the left foot hits force plate No. l. 
the sampling switch is operated. Immediately after the 

right foot leaves force plate No. 29 the flash bulb IS 
firedt so that it will not affect any relevant film frame 
due t-o the brightness of the flash. After this the 



199a 7 
PATIENT COoE: 

VISIT NUMBER: 

AMPUTEE REACTIONS 

SCORING SCALE 

1- Excellent ;2 Satisfactory 3 Fair 4 Poor 

SACH Uniaxial 

a) Cushioning effect at heel impac-t 

b) Smoothness of "roll-over" 

c) Security of balance 

d) Effects on Socket comfort 

e) Cosmesis 

Overall preference SACH/Uniaxial 

Other Comments 

Figure 5.4.4(c) Amputee Reactions Form 
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cinecameras are switched off and the charger is roaot, 

A display of all the forces and momenta from tho 
two forco platest as well as the flash pulsoton the 

on-line V. D. U., will give an indication as to whether 
the test walk was successful or not. Howovort for a 
completely successful test walkq the corresponding cino 
films of all throe camoras has to be good. Approxi- 

mately frve successful test walks were usually taken. 

Body measurements and measurements of markers dintanco 

were recorded, (see Figure 5.4.4(b)). Both the proatho- 
tist and patient were than asked to comment on the 

performance of the prosthetic foot. (Sao Figure 
S. 4.4(c)). 

Due to the specific design of the modular system 
used, which allows the foot and shin (or shank) tube to 
be dismantled without disturbing the alignment when 
assembled at a later stage, (see Section 5.4.2), the 

measurement of alignment and determination of the mass 

moment of Inertia of the prosthesis can be done outwith 
the patient test period, thus, not making the test last 

longer than neces-sary. 

The procedure was then repeated, changing the 

prosthetic. foot and shin or shank tuba, depending on 
whether the patient is a bolow-knee or above-knee 
amputee. 

After the test, when all the test wal'ks had been 
filmed, all the three cameras were rewound to their 

respective starting point. A grid board was positioned 
in front of each camera in turn, perpendicular to the 

optical axis of the particular camerat with its origin 
coincident with that of the ground frame of reference. 
Operating each camera locally forward the films were 
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Figure 5.4.5(b) Quadrilateral-Socket Reference 
Axes 
(redrawn from Purdey 0 1977) 
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re-exposed to suporimpose tho grid board onto tho toot 

walks for calibration purposos. See Saction 6.2.1. 

5.2.5. Allqnment Measurement 

In order to dofine the posiýion and orientation of 
the components of a prosthesis in throe dimansionsg it 

was necessary to specify a frame of reference to which 

all measurements may be referred. This reference system 

was reported by Bermo et al (1978). 

Brieflyt the origin of the orthogonal reference 

axes is at the prosthetic ankle joint contra or the 

centre of the bolt hole on the top of the SACH foot. 

Thereforet the top surface of the foot Is taken to form 

the X-Z plane and the Y-axis is normal to it. The 

forward directiont (X-axis)t for the above-knee 

prosthesis is normal to the projection of the knee 

flexion/extension axis onto the X-Z plane. The Z-axis 

in turn is obtained to form a right-handed orthogonal 

system. For the below-knee prosthesis, the forward 

direction is defined using the socket reference axis. 

The socket reference axis is defined by locating 

two parallel planes in the socket. The inferior plane 
is located 25 mm from the distal enU of the socket. For 

the PTB socket, the superior plane is 25 mm distal to 

the patellar bar and for the quadrilateral socket, It is 

25 mm distal to the ischial seat. The positive Z-axis 

for the PTB socket is defined to be parallel to the 

posterior brim in the plan view and, lying in the top 

planet it is directed towards the patient's right. The 

y-axis is located equidistant from the socket walls both 

anteroposteriorly and mediolaterally in the two planes; 

positive direction Is directed proximally. The X-axis 

is chosen to form a right handed orthogonal set. See 

Figur. e 5.4.5(a). The positive X-axis for the quadri- 
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Figure 5.4.5(c) Location of SAL in Socket 
(redrawn f rom Szulc, 1982) 
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latoral sockot is dofinod to bo parallol to tho flat 

modial brim in plan viow and antorlorly diroctod. Tho 
Y-axis is ostablishod as in tho caso of PTO sockots and 
tho Z-axis Is choson to form a right handod orthogonal 
sot. Soo Figuro 5.4.5(b). 

A socket axes determination device was used to 

establish the socket reference axes. The reader Is 

referred to Szulc(1982) for a detailed description of 
the design and application of the device. The Socket 
Axes Locator (SAL) consists of a central rod upon which 
are mounted two sub-assemblies. Cach sub-assambly 
comprises 4 spring-loaded pointers that operate like an 
umbrella. Figure 5.4.5(c) illustrates the manner in 

which the device locates itself in a socket# and allows 
the position of all the pointers to be marked onto the 
inner surface of the socket. The four points produced 
from each sub-a. ssembly define the required planes. 

With the socket marked, the prosthesis to be mea- 
sured is bolted by the foot fastening bolt, (after the 

prosthetic foot is removed), to a vertical bracket at 

one end of the measuring table. The table forms a 
surface parallel to the Y-Z reference plane and a grid 
is inscribed on it for ease of measurement. A scrib- 
bing block with an adjustable pointer is used on the 
table top to touch the marked out reference points in 
turn. By measuring the position of the scribbing block 

an the grid and the-height of the pointer above the 

surface of the table the three coordinates for each 
reference point are obtained. 

For the above-knee prosthe. sis,. a moment was applied 
in order to extend the knee when the prosthesis was 
bolted to the*measuring table. The value of the applied 
knee moment was recorded and subsequently used an the 

same prosthesis for the measurement of other alignment 
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Body Seqment- Avera-qe Density-Values 
(gm/cm 3) 

Thigh 1.060 

Lower Leg 1.095 

Table 5.4,6. Densities of Body Segments 
(from Drillis & Contini, 1966) 
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changes. Besides the measurement of the socket 

reference points, the positions of the knee joint axis 

on the medial and lateral sides were also measured. 

The terminology and definition of alignmont 

parameters used in the description of alignment is 

presented in Appendix (C). 

40 

5.4.6. Physical Properties of Prostheses 

The parameters to be determined from each body 

segment for kinetic calculation are as follows : 

1) Mass of segment 
2) Distance between proximal joint and contra of mass 
3) Mass moment of inertia. 

For the normal limb, these parameters are estimated 
by using coefficients of body segment parameters as 

presented in Table 2.1, collated by this author. (See 

Sections 2.1 and 6.6.1(a)). For the prosthetic limbp 

these parameters have to be obtained experimentally. 

The mass of' each prosthetic segment was determined 

by a weighing scale. For the segment that includes the 

sockett the mass of the stump was also considered. This 

was dohe by stuffing the socket with cloths and lead 

shot making up the mass of the stump. This mass was 

estimated by taking the volume of the socket to be 

approximately the same as that of the stump and 

multiplying it by the average value density (obtained by 

three principal investigators) given by Drillis and 
Contini (1966). (See Table 5.4.6).. 

The method used in determining the contre of mass 

was to balance the segment lengthwise across a knife 

edge. The distance between the proximal joint and the 
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PATIENT CODE :IJ 

VISIT NUMBER : 

PHYSICAL PROPERTIES OF BELOW-KNEE PROSTHESIS 

Shoe 

SACH foot 

Uniaxial foot 

Attachment 

TIMES(S) FOR 10 OSCTLLATIONS 

Volume of ý Stump(cm3): 

Mass of Stump(kg 

Prosthesis, Stump & Shoe 

SACH Uniaxial 

2 

3 

4 

5 

Measurement 

.1 

PIVOT 
MANI 

KJ 

DAP - 

cmt 

With Attachment Without Attachment 

SACH Uniaxial SACH Uniaxial 

Total Mass(kg) 

Total Length(m) 

CM to Pivot 
Point/ 

Kned Joint 

Figure 5.4.6(a) Phy. sical Properties of Below-knee 

prosthesis Form 
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centre of mass could then be measured. 

A simple rig was fnbricntod to enable the prostho- 
sis, either In part or whole, to bd oscillated frooly. 
Altogether seven sots of readings were taken of 10 

oscillations of a prosthetic segment over a small 
angulation. From those$ the average period of one 
oscillation was obtained. Duo to the different con- 
figuration of the prosthetic limb segment, the pivoting 
point and determination of mass moment of inertia has 
to be clarified. 

a) For the bolow-knee prosthesis (including the 'stump' 

and shoe), a pair of attachments (clamps) was used # one 
end of which grips firmly onto the lateral and medial 
wall of the socket respectivelyp directly over the 

approximate position of the knee joint. The other and 
of the attachment pivots about a knife edge blade on 
the rig# so that the whole prosthesis can be made to 

swing about the A/P axis. The average period per 
oscillation was obtained. The prosthesisq Including the 

attachments was weighed and the distance betwegn the 

pivoting point and the cantre of mass of the whole 
structure was measured. The distance between the knee 
joint and the centre of mass of the whole structure was 
also measured. By inserting these quantities Into the 

equations in Section 6.6.1(b), the mass moment of inertia 

about the A/P axis at the knee can be calculated. The 

whole procedure can then be repeatedt changing the shin 
tube and foot assembly. 

A 

b) The above-knee prosthesis was divided into two 

sections : 

1) the prosthetic thigh comprising all components 
above the knee including the 'stump'. 

2) the prosthetic shank comprising all components 
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PATIENT CODE : L u- 
VISIT NUMBER : 

PHYSICAL PROPERTIES OF ABOVE-KNEE PROSTHESIS. 

11- Mäss (Kg) 1 

SHOE 

SACH Foot 

Uniaxial fo ot 

TIME(S) FOR 10 OSCILLATIONS 

Volume of Stump(cm 3 

Mass of Stump(kg) 

610 1 

" " 
Shank, Foot & Shoe 

Stump Socket & 
SACH Uniaxial 

2 

3 

5 

Measurement 

I 

CK 

" "St 
Shank, Foot & Shoe 

ump Socket & 
SACH Uniaxial 

Total Mass(kg) 

Total Length(cm) 

C. M. to pivoting 
Point(cm) 

Figure 5.4.6(b) Physical Properties of Above-knee 

Prosthesis Form 
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below the knee including the shoo. 

Due to the difficulty in defining the hip joint 
relative to tho socket, the prosthetic thigh was pivoted 
at the knee joint about the A/P axis. The average 
period per oscillation was obtained and the distnnco 
between the knee joint and the cantro of mass was 
measured. By inserting theso numbers in the aquation 
in Section 6.6.1(b)t the mass moment of inertia about 
the A/P axis at the knee can be calculated. Using the 
parallel axis theorem, the mass momont of inartin at 
the hip can then be determined. This was incorporated 
into the computer program 'KINETIC's because by this 

stage the hip joint position would be known. 

The prosthetic shank was pivoted about the A/P 

axis at the knee joint. From there, the average period 
per oscillation was obtained. The distance between the 
knee joint and the centre of mass was measured. Againp 
by inserting these numbers In the equation in Section 
6.6.1(b)q the mass moment of inertia at the knee joint 

could be calculated. 

The mass moment of inertia of the foot, at the 

ankle joint about the A/P axis was small enough to be 

neglected in the analysis. Howevee, the distance between 
the ankle joint and the centre of mass was measured. 
The centre of mass was determined by suspending the foot 
in three different points and locating the intersection 

of the corresponding three vertical plumb lines. 

Figures 5.4.6(a) and (b) summariso the measurements 
required for the_bolow-knee and abova-knee prosthesis 
respectivelY. 
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5.5. Data Reduction and Preparation 

Data obtained during the patient toot have to be 
retrieved from their store. Thu force plate data were 
recorded In the magnotic ILINCI tape# sac Section 5.4.4. 

while the kinematic data were an c; ino films. Only 
those successful test walks, I. e. satisfactory force 
plate and corresponding cino films records# were 
retrieved and transferred to the University's ICL 1904S 

computer for further processing analysis. 

summary of the procedure is as shown In Figure 

5.5. 

Data processing was transferred from the PDP12 to 
the ICL 1904S for the following reasons : 

a) Large quantities of data can be processed more quickly 
than on the PDP12. 

b) Processing can be requested and then left to the 

machine (i. e. background jobs) because jobs were 
principally run in a "batch Processing" environment. 

C) A-considerable amount of filestore was available 
with relative ease of accessibility of filest except 
when files were stored offline an magnetic tape. 

d) A library of software routine packages was available 
for-use which could accelerate software development. 

e) The "George III" operating system enabled the 

construction of file handling and job control mqcros. 
This facilitated the use of single line commands to 
run jobs and also allowed the development of the job 

chain concept. 
f) Line printers and graph-platters. wera accessible 

through the 1904S. 

The main disadvantage of this system was that the 

operating system was not suitable for interactive 
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program operation. This made program debugging more 
difficult and interactive results analysis difficult. 

5.5.1. Force Plate Data 

The computer program 'EDITOR' (writton by Jordan, 
1978) and the ILINCI data tOPO Ware landed onto tho 
PDP12 computer for data sorting. 

Of all the ground reaction signals from the F. P. 0 
the vertical force componontq Fy, gavo the cloarest 
indication of the heel striko and too off avant. The 
first task was to locate the position of the first 

sampled point of the flash signal in relation to tho 
first effective Fy signal (LHS) on force plate No. 1 and 
the last effective Fy-signal (RTO) an force plate No. 2. 
This information would then be used in synchronisation 

with the corresponding cine films. 

Ground reaction data from both force plates ware 

sorted separatelyt since the computer program used to 

process them can only take in one set of force plate 
data.. Hencep two data files were generated for every 
test walkv one for signals from force plate No. 1 (left 

leg) and the other for signals from force plate No. 2 
(right leg). 

The sorting program had the facility to transfer 

any data that fall in between two movable cursors onto 

punch paper tape. The baselines of all the six channels 

were obtained and transferred onto the paper tape first 

and were then followed by the ground reaction data, 

For entry into the ICL 1904S computers job statements 

were spliced on at the beginning and end of the data. 

The format of these "raw" ground reaction input data 

file Is as given in Appendix D 2.1. 
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5.5.2. Kinematic Datn 

Although each camera was driven by a synchronous 
motor that records events at 50 frames par socondt the 

shutters of all the cameras wore not synchronousi I. e. 
they do not open at the some time. This became obvious 
when filming the flash bulb as it was fired. The first 
flash seen an the cino films from the throe cameras 
varied in intensity, although they were supposedly 
capturing the same event at an Instant of time, By 

comparing the sequence of flashes and their intensities 
between films from the throe comorasq the time lag 
between shutters can be estimated. This was at the most 
one frame, i. e. 20 ms apart. The estimated time lag 
(T(U)) was recorded to correct for this phase 
difference, see Section 6.2.2. 

By synchronising the first flash seen on the cine 
films of the three cameras with the first sampled point 

of the pulset the relevant frames of cine films required 
for analysis can be established from the total number 

of ground reaction data. The events required for 

analysis are as shown in Figure S. S. 2. i. e. from the 

first heel-strikd of the left foot to the second toe-off 

of the right foot. The events of the first too-off of 
the right foot and the second heel-strike of the left 

foot were -determined from the cine films. Five addi- 
tional frames were added to the beginning and four to 

the end of the required length of cine films. The extra 
frame at the beginning was to allow for pha. se correction 

and the remaining eight were used to compensate for the 

errors introduced in the end data when differentiating 

for velocities and accelerations. These additional 
frames were discarded immediately of ter processing. 

Frame numbers were scratched onto the required 
length of cine films to be analysed. The films uere 
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projected onto a digitizing table, trado-nama "D-MAC", 

and were analysed frame by frame. The projector was 
carefully aligned so that the imago was projected 

squarely onto the table without any apparent distortion 

due to misalignment. 

Digitising was done by placing a cursor over the 

contre of the marker bead and activating a switch to 

register the coordinates of the marker onto the paper- 
tape. The unit used was that of the D-MAC table; one 

unit being equal to 0.1 mm. The first two points 
digitised an every frame were calibration markers an the 

grid board. The sequence with which body markers were 
digitisedt was from the lowest marker number to the 

highest marker number an a. particular frame. See Figure 

5.4.1(b). The total number of points digitisod per 
frame from the front camera was 22 and from the side 

camera was 15. 

When markers became completely obscuredv their 

positions were interpolated by the human operator# 

therefore no marker was left undigitizod. 

Job statements were spliced to the beginning and 

end of the datatfor entry into the ICL 1904S computer. 
The format for these "raw" displacement input data Is 

given in Appendix D 3.1 
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Figure 6.1.1(a) Mathematical Model of human body 
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6.1 Introduction' 

The experimental system and method presented in 
Chapter 5 allows a three dimensional analysis of tho 

contralateral sides of the human body during locomotion. 
This chapter will consider the theoretical approach 

adopted in the analysis. 

6.1.1 Outline of Theoretical Consideration 

The human body is mathematically modelled into an 
eight segmented structure, as shown In Figure 6.1.1(a). 
Each body segment is regarded kinematically as a rigid 
body. Therefore, it has six degrees of freedom and 

requires six independent coordinates to specify its 

spatial position at any instant of time. 

Body markers are placed at various appropriate 

anatomical features as shown in Figure 5.4.1(b). Each 

body segment is then defined by a set of aAes system 

generated from these markers. As will be noticed, only 
the torso and the lower limbs are considered in the 

analysis. Although arm swing could prove to be a 

valuable parameter (Elftman, 1939). it is however deemed 

that any significant changes In gait will also be 

apparent and can be characterised by the shoulder 

moveme-nt. - 

Each segment moves in various orientation during 

locomotion. The axes system attached to it is referred 

as the moving system. This set of axes is defined 

in relation to the ground (or fixed)frame of reference by 

Direction Cosine (D. C. ) or Transformation (T) matrix. 

The ground frame of reference is taken to be the 

fixed axes system, defined by the Position of the three 

cinecameras and the force plates arrangement, with its 
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origin being the centre of the force Platos configurationg 
see Figure 5.3.1(a). 

Ground reaction measurements taken from tho two 
force plates are related to the reference axes system, 
From the synchronisation method described in Scction 
5.3.3, a relationship between kinematic and. force plato 
data is developed and thus making kinetic calculation 

possible. 

6-. 1.2. Mathematical-Representation 

Vector and matrix notations are used to express the 

theoretical consideration. This is to provide a clearer 

understanding of the theory in a more compact manner. 

The origin of a rigid bodyp in this case a body 

segmentp can be represented by a vector (see Figure 

6.1.2(a)) :- 

R0 X0 

Yo 

zo 

Its orientation in space can be related to the - 

ground (or fixed)frame of reference by a direction cosine 
(D. C. )-Matrix, (see Figure 6.1.2(b)) : 

BI, B12 B13 
B21 B22 B23 
B 31 B 32 B 3jj 

where'the elements (BýIFýin the matrix are cosine of the 

angles between the fixed (F) and'-mOving (M) axes. 

Although there are 12 scalar quantities in the two 

expressions, only 6 are independent because there are 6 
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conditions which are imposed on the rigid body for 

orthogonal transformation. They are : 

B112 

B21 2 

B31 2 

BI, B21 

B21. B31 

Bll. B31 

1 

4. 

4. 

4. 

Bl 22 + 

B22 2+ 

B32 2+ 

B12oB22 

B22-B32 

B12-B32 

B132 

B23 2w 

B33 2n 

+ B13*D23 

+ B23- B33 

+ B13-B33 

12 

1.00000000 (1.3) 

m eseeeeue 

Therefore, what it means is that the product of 

the D. C. matrix and its transposition should be equal to 

unityt i. e. 

-1 

If it is not so, the D. C. matrix may be corrected 

to orthogonality by an iterative procedure, described by 

Jordan (1969), 

[Bjn+1 B ]n ([ 
U J([ Bý' B]n [U] 

N 

where nR Is a term in the series with an orthogonal D. C. 

matrix and 'n+10 is the term under consideration. 

The determinant (D) of an orthogonal matrix is one, 

D B11 B22B23 + B21 B12D13 + B31 B12BI3 

B32B33 P32433 '9221123 
j L- -i t- J 

wI 

This is used as a mean of checking the orthogonality 



21 3a 

L) W 

Co 

0 >J 
-N - Am. -ý 

ill. 
II 
III 

It 

>- >_ >t). 

2 

ZO 
CD 

. 6.0 
x 

-Ig; 

-: 2 

EK 
x 

C) 

cc 
E 
0 

c 
0 

M 
0 
m 

13 
*r4 
14 

0 

w 
cil 
m 
E 

41 
0 

0 
94 

CL 

m 
%-0 

CD 

LL 
01--- 
Z 



213 

of the D. C. matrix in the analysis. Howeverg it should be 

noted that not every matrix with a determinant of one is 

an orthogonal matrix. 

To define spatial point (I) on a rigid body, the 

vector ký,, is used. This is In reference to the moving 

axes system associated with the rigid body. To relate it 

to the ground frame of referencet we have (see Figure 

6.1.2(a)) : 

R 
Fi 'R0+ ([B] kýjj) 

To transform from the fixed axes system to the moving 

systemp we have : 

RHI m 
[B) -1 

. (gFi - 90) 

6.2. Generation and'Ratianalisation of 3-D-Spatini 

Coordinates ý 

In using cine-photography as a technique In spatial 
data acquisition, several factors have to be considered. 

They are : the method of scaling, correction of parallax 

errorg minimising distortion of data either through lens 

characteristics or digitising, correction of phase 
difference and eliminating random noise. 

6.2.1., Calibrat-ion 

Trnnsformation of digitised coordinates to the 

reference axes system and scaling them to real dimensions 

was done by re-exposing the film to the grid or 

calibration board. This also serves the purpose of mini- 

mising distortion caused by projection of film onto the 

digitizing table which has been discussed In Section 

5.5.2. 
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The first 2 points digitised in each film frame arc 
A and Bg which are marked on the grid board, see Figure 

6.2.1(a). Since the actual physical distance between A 

and 0 Is knownp a scaling factor can then ba formulated 

L(AD) 
F J[(Xt(A) 

- Xt(B))2j (Yt(A) 

wherep L(AB) Actual Ohysical distance between A and 0. 
Xty horizontal and vertical axes respectively 
A. B calibration points on the grid board 

t suffix denoting D-MAC table as reference 

Each frame is usually not projected squarely on tho 

digitising table. There exist three misplacements Ofthe 

projected image; i. e. 2 linear shifts and one rotation, 

see Figure 6.2.1(b). Since each framo picks up tho two 

calibration points A and BO the 2 linear shifts are 

eliminated. However, the rotational displacement still 

presents a problem. To account for this the angle 
is calculatedp 

tan Yt(B) -_Yt(A) 
Xt(B) - Xt(A) 

To transform the digitized coordinates to the 

reference systemt scaling it to the actual physical 
dimension and also to eliminate the*rotational displace- 

mentp the following procedure is adopted. 

Let P be the point to be processed. The mid-point 
(M) between A and B, is at a distance HO directly above 

the centre of the force plates arrangement. 

First, refer point P to M' and 
' 
then transferring it 

to the centre of fhe force plates arrangement, Do we have, 

Xc(P) - -[ (Xt(P) - Xt(1-f»Cosp - (Yt: (P) - -Yt(, lf»Sin *F A] 
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Yc(P) - 
[(Yt(P) 

-yt(H))COsb f (Xt(P) -Xt(H))Sinfi]*F f 110 

Note that the procedure developed here is for an 
axes system as shown in Figure 6.2.1(a)v which refers to 
that of the front and left camera. ý situation. Hence for 
the right camera, the ultimate 'sign' direction for the 
horizontal coordinate has to be changed. 

A secondary feature of re-exposing the film to the 

grid board is that errors due to lens distortion can be 

minimised. Sincet the actual physical dimension of each 
square on the board is known, I. e. 127 mm square, a point 
(P) in space can be referred to the nearest grid junction 
(G) (relative to the origin of the system). The distance 
from the system origin to (G) can be accurately calculated 
by considering the number of squares between them. This 

will minimise the distorted length, limiting It to the 
distance between the spatial point and the grid junctiont 
i. e. from OX to dx and DY to dy. See Figure 6.2.1(c). 

The corrected coordinates are as follows : 

Xp - 
ý[Integer(XP'1127)*127] 

+ (Xpt- XGI)) 

YP w 
ý[Integer(YP'1127)*127] 

+ (ypt- yGe)) 

6.2.2. Correctlon, for Phase Differ_unce 

The shutter opening times of the three cameras are 
known to be out of phase during operation. In order to 

synchron'lse the thred cameras, the method of linear 

interpolation is used. 

Ishai (197! ý) presented a method which requires that 

the left camera would always be in phase advance and the 

right camera would be in phase lag. The system used in 

this project, was found to have variable out-of-phase 
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situation between each camera. Hence, a modified version 
Is presented here which accounts for this variability. 

From the flash bulb intensity, the leading camera 

can be established and the phase lag timing of the two 

trailing cameras relative to the leading comara can also 
be estimated. It was noticed that the phase difference 

between cameras does not exceed 20 ms, i. e. one frame 

Interval. The following equation is formulatedo with 

reference to Figure 6.2.2. 

Xi - Xi i+ ýxj 0 -1 - Xi 0) *Izoý, -VTýj 

wheret CT is the time interval between successive frames 
20 ms) 

T(N) is the phase lag timing for camera 
N=1 for front camera 

= 2. for left camera 

=3 for right camera 

. ..... ...... 
6.2.3. Parallax, Correction- 

Digitized coordinates of a marker are subject to 

parallax errorsp due to perspective effects in cine- 

photography. 

Referring to Figure 6.2.. 3., the following parallax 

equations are generated (using similar triangles) : 

Za/Zt - DF1(DF - Xt) *0000 (2.1) 

XalXt - DSI(DS + E*Zt) ooooo (2.2) 

(Ya - HS)1(yt - HS) - DSI(DS f E*Zt) ... (2.3) 

(ya - HF)1(Yt - HF) c DFI(DF - Xt) ..... (2.4) 

where X, Y, Z- coordinates of a marker 
HS9 HF - height of side and front cameras, 

respectively 0 
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DS, DF - distance of side and front camorast 
respectively, to the contra of system. 

a- suffix donoting apparent coordinate 
t- suffix donoting true coordinate 

E- qualifier for left or right camorn 
+1 - left camera 

-1 - right comera, 

Before applying these equations to correct for 

parallax errors# three unique cases associated with the 

measuring system have to be considered : 

"FRONTSIOEII-Case - when a marker can be viewed from 

both the front and side cameras. From equations 
2.1p 2.2 & 2.40 the following solution Is obtained, 

Xt - Xa*DF(DS + E*Za)I(DS*DF i E*Za*Xa) 

Yt - Ya - Xt*(Ya - HF)IDF 

zt - Za*(DF - Xt)1DF 

"FRONTONLY'' Case--- when a marker can only be viewed 
from the front camera. Solution is possible only 

when the distance between the marker and an adjacent 

marker(in the same rigid body) is known. Further- 

more, the coordinates of the adjacent marker must be 

known first. 

Using equations (2.1) and (2.4) together with the 

following equation :0 

D- SORT[(Xt - XK)2 + (yt - yK)2 + (Zt - ZK)2 

where D is the known distance from the adjacent marker 

and K is the suffix denoting the known coordinates of 
the. adjacent marker. 



XA0 

Two solutions are obtained, 

Xt w (B + SQRT(B2 A*C)1A 

Yt - Ya - Xt*(Ya HF)IDF 

zt - Za*(l - Xt1DF) 

where Aa1+ ((Ya - IIF)IDF) 2+ (ZalDF) 2 

B- XK + (Ya - HF)(Ya - YKYDF + Za(Za - ZK)IDF 

C. XK2 + (ya - yK)2 + (Za - ZK)2 - D2 

The relevant solution Is determined from the 

geometrical considerations of the marker being 

investigated. 

"SIDEONLY" Case - when a marker can only be viewed 
from one of the side cameras. The some conditions 

as for "FRONTONLY" case apply here as well. Using 

equations (2.2)t (2.3) and (2.5)9 two solutions are 

obtained. 

Zt - (B + SQRT(B2 - A*CPA 

Xt - Xa(l + E*ZtIDS) 

Yt - Ya + Zt(Ya - HS)IDS 

where A-I+ Wa - HS)IDS)2 + (XalDS)2 

B- ZK - E*(Ya-HS)(Ya-YK)IDS - E*Xa(Xa-YK)IDS 

C- ZK2 + (Ya - yK)2 + (Xa*- XK)2 -D 

Again, the relevant solution is determined by 

considering the geometry of the marker configuration. 

6.2.4. Data Smoothing 

The three dimensional spatial 
- 
coordinates generated 

through the measuring system and data reduction process 

described above, are contaminated by noise. These are 

random errors which are superimposed onto the actual 

displacement data. The sources of these errors will be 

0 
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discussed in Section 7.1.2. 

The noise generated in human locomotion data is- all 
in the high frequency level. Winter ot al (1974) found 
that in normal level walking the highest harmonics were 
In the too and heel trajectories and that 99.7% of the 
signal power was contained In the lower seven harmonics 
(i. e. below 6 Hz). Andrews (1975) reported that the 

power spectrum of the displacement data of the ankle 
joints were contained below 10 Hz. Zorrugh and Radcliffe 
(1979) concluded that 7 to 12 harmonics (i. e. 6 to 10 14z) 
represented a good compromise between information 

retained and noise rejected for most gait variables in 

normal level walking. The author also performed a 
spectral analysis on all the displacement data obtained 
and found that almost all the signal power was contained 
In the first seven harmonics. 

Therefore, some form of technique is required to 

remove the high frequency noise content. If not, the 

amplitude of the noise will be amplified through 

differentiation for velocity and acceleration and con- 
sequently affect the accuracy of dynamic calculations. 
Andrews et al (1981) described several methods that have 
been used in the removal of noise from kinematic data. 

The filter used in this project Is a fourth-order 

13utterworth low pass digital filter developed by Andrews 
(1975). Due to the non-symmetry of such filters, a 
phase shift is introduced to the filtered signals. This 
is eliminated by processing the data in both a forward 

and backward direction. This will mean that the overall 
filter will have a cut-off point. of gdB instead of the 

original 3dB. Therefore from the frequency response 

curves a cut off frequency of 8Hz at GdO correspond to 

SHz at 3dB. Hencep 8 Hz is chosen as a compromise cut- 

off frequency for the filtering process. For the theory 
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and design of digital filters, the reader Is reforrod to 

Hamming (1977). 

6.3. Definition of Joint Contras nnd_gody Snnmonts 

This section deals with the mathematical approach 
in defining the body segments and joint centres from the 

body markers. The eight body segments considered in the 

analysis are the foott shank and thigh of both legsg the 

pelvis and the shoulder, see Figure 6.1.1(n). The joint 

centres analysed are as shown in Figure 6.3. Altogether, 

twelve joint centres and two other positions on the body 

are considered. 

Shank; Knee and'Ankle loint Contres 

This project has the task of looking at 3 dirferent 

shanks, i. e. the normal, the below-knee and the above 
knee. The prominent features and physical measurement 

are therefore somewhat varied. In order to formulate a 

general solution to suit the three types of shank, a set 

of standard parameters has to be defined. The following 

classified initial analysis is aimed at defining these 

parameters. 

The 'Normal-t Shank 0 

The knee joint in the normal shank is not a simple 

hinget (i. e. having a singlet fixed axis of rotation) but 

one where complex motions occur-due to interaction between 

articular cartilage, muscle and joint capsule at various 

stages of limb movement (Weber and Weber, 1836). This 

complex joint motion is the result of the rolling and 

sliding action of the joint during flexion and extension 

of the knee (Gunston 1971). Hence, the axis of rotation 

does not remain fixed but moves along a path determined 

by thp geometry of the articulating surfaces and 
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ligamentous attachments. The exact position, size and 
shape of this path of instantaneous contros of rotation 
for any individual is still in considerable dispute, sea 

Mayott at al (1975)p Nietert (1977) and Soudan at al 
(1979). In view of the uncertainty in defining the exact 
knee joint centre and also to simplify the mathematical 

analysisp a fixed knee joint cantre relative to a suitable 
anatomical reference is assumed. 

Walker et al (1972) and Smidt (1973) presented 
dimensions of the knee joint from their studies of normal 
living subjects. The average values of the knee joint 

centre which can be drawn from their studies are 25 mm 

above the knee gapt measured along the longitudinal shank 

axis and 15 mm posterior to that axis. The knee gap was 

chosen as a reference because it can be easily palpated. 

A regression technique was used to locate the knee 

joint centre from a set of external measurements, i. e. 
SIPS2PS3, S4 and S5. (See Figure 6.3.1(a) and Section S. 4.4) 

Ishai (1975) presented the following equations, (from a 

study of 8 cadaveric tibias) to relate the knee joint 

centre to the external measurements : 

Ki - 0.37 * Si + 14.0 mm 
K2 M 0.75 * Sl 21.6 mm 
K3 = 0'32 * Sl 4.4 mm 
K4 - 2; mm 

, K. 5 - 0.14 * Si + 2.7 min 

K4 being the distance between the knee joint centre 

and the knee gapt measured along the longitudinal shank 

axis. It is assumed that the knee joint centre lies 

along the longitudinal shank axis. -Hence, K5 can be used 
to evaluate the accuracy of this assumption. 

Therefore the relevant dimensions can be calculated 
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as follows, see Figure 6.3.1(a) : 

D, w S2 - KI 

D2 ' S3 - IK3 

D3 ' K2 +H 

D4 - S4 + K4 

The normal ankle joint has been discussed in some 
detail in Section 4.1. It has been assumed that the joint 

centre lies along the longitudinal axis of the shank, 
therefore the parameter 'D6' can be excludod from the 

analysis. Marker (2) represents the ankle joint contre 
from the lateral view, thus D5 is zero 

b) The 'Below-Knee-' Stump and Socket 

The below-knee stump still has the normal knee joint 

preserved. Thereforet the regression equations (as for 

the normal knee) can be used in this analysis. However, 

the markers on the tibial tubercule and fibula head are 

transferred outside onto the socket as shown in Figure 

6.3.1(b). Furthermore, measurement has to include the 

thickness of the socket, giving : 

DI S2 - KI +H-T 

D2 (S312) +H 

D3 K2 +HfT 

D4 S4 + K4 

With the SACH foot, the ankle joint centre Is 

assumed to be at the interface between the adaptor and 

the top Of the foýt, and that it lies along the longitu- 

dinal shank axis, see Figure 6.3.1(c). Marker (2) 

represents its lateral view, therefore D5 is zero. 
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With the uniaxial foot# the ankle joint contro is 
clearly dofined by the ax. is of the rotating shaft as 
shown in Figure 6.3.1(d). Marker (2) Is positionod on 
the modular tubing above the Jointp along the longitudinal 

shank axis. Thereforet D5 is the distance between ankle 
joint contre and marker (2)t i. e.. D5 - S5 

........ ..... .. 
c) The, Above, -Knee* Shank, 

The prosthetic knee used was an Otto Back Single- 

axis knee mechanism. The knee joint centre is therefore 

easily and clearly defined. The relevant dimensions are 
calculated from the measurement taken, see Figure 6.3.1(6) 
they are as follows : 

DI - (SI12) 

D2 - (S312) +H 

D3 ' S2 +H 

D4 - 0.0 

The ankle joint centres are defined as those in the 
B/K shank, i. e. with SACH foot, D5 - 0. and 

with Uniaixial foot, D5 '-. S5 

Solving- for 
_ 
the' D. C. ' Matrix of, tha Shank 

With the relevant dimensiogs for-the 3 cases being 
defined as a set of standard parameters, a general 
formulation of the analysis of the shank can be carried 
out as follows : 

Figure 6.3.1(f) shows a schema_tic representation of 
the left shank In space relative to the ground frame of 

references. From it, the following expressions are drawn: 

0 
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ko - L2*ýx Ll*ey - E*Dl*ZZ ........ 
k2 ko - D6*ZX E*D2*ýz oetseeeo»o (3.2) 

93 - ko t D3*j4 + L3*Zy 
. 9000600000 (3.3) 

where E= qualifier for left (+l) or right (-l) shank 
gn = represents the unit vector associated with axis 

In', 

By using the 'dot-product' theoryt in vector 
analysist the unknown variables koo Ljo L2 and L3 can bo 

eliminatedt thus 

(23 -9 1)*3, z m £*Dj 99ooo (3.4) 

(g3 - ý2)*ýz - E*D2 o s-ete o (3.5) 

(ý3 - ý2)*ýx m D3 + D6 .... (3.6) 

(Note that from. previous considerationo D6 can be 

excluded in the analysis). Expanding these expressions 
in scalar formo we have 

(X3 - Xl)*B31 + (y3-yl)*932 + (Z3-711)*B33 E*Dloo(3.7) 

(X3 - X2)*B31 + (y3-y2)*B32 + (Z3-Z2)*B33 E*D2-. (3.8) 

(X3 - X2)*Bll + (y3-y2)*BI2 + (Z3-Z2)*BI3 - D3 ... (3.9) 

From equations (3.7) and (3.8), we have 

B31 - Gx + HX*B33 (3.10) 

B32 - Gy + Hy*B33 (3.11) 

where 

Gx = 
[E*D2(y3-yl) 

- E*Dl(y3-y2)11(-Pn) 

llx = 
[. (y3-, l)(Z3-Zl) - (y3-yl)(Z3-Z2)1/(-Pn) 

Gy - 
[E*D2(X3-Xl) 

- E*D, (X3-X2)IlPn 
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Hy " [(X3 
- X2)(Z3 - ZI) - (X3 - Xl)(Z3 - Z2)JlPn 

Pn ' [(X3 - Xl)(Y3 - Y2) - (X3 - X2)(y3 - YI)l 

Substitute B31 and B32 In the orthogonality condi- 
tion (1.3) by equations (3.10) and (3.11)0 rospactivolyt 

we have 

(Gx + llx*B33 )2 + (G 
y+Hy *B 33 )2 + B33 'I 

(1+112+, 12 +2 (Gx *11 +G *11 (G2#G2-1) 
x Y)B33 yy y)B33 +xy 

let, 
(I + Il2 + 112) a3 xy 

b3 2(GX*Hx + Gy*lly) 

C3 (G2 + G2 - 1) 
xy 

Thereforet 

a *B2 +b *B +c 3 33 3 33 3 

hence# 

-b3 jb2 - 4a *C 
B33 333 

2a3 

There are two solutions for B339 the correct 

solution must be positive and its magnitude smaller than 

and nearest to unity. 

Substitute solution into equations (3.10) and (3.11) 

to solve for B31 and B32. Together-with these known 

variablesp the orthogonality condition (1.6) and equation 
(3.9). we get 

B 12 'Sy+Ty *B 11 

B13" Sz + TZ*Blj 

where 

9... 

9e99 

Sy , -p3*B331PI 

Ty ' 
[CX3 

- X2)*B33 CZ3 Z2) * B31]lpl 

Sza D3*B32IP1 

Tz - [(Y3 
- Y2)*B31 CX3 X2)*'032]IPI 
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pi ' [(Z3 - Z2)*832 - (Y3 - Y2)'*"331 

Substitute B12 and B13 in the orthogonality condi- 
tion (1.1) by equations (3.12) and'(3.13) respectively, 

we have 
(-b, 

+(b2 _ 4*al*c, ) 
Bil -) 

2al 

where 
(I + T2 4 T2) 

yz 
bl* 2(S Y*Ty + S,, * T_, 

cl-. (S2 + S2 yz 

Again 2 solutions are derivedo the correct solution 

should be positive and its magnitude smaller than and 

nearest to unity. 
, 

Substitute the solution into equations 
(3.12) and (3.1 

* 
3) to solve for B12 and B 13* And from the 

remaining orthogonality conditions (1.2). (1.4) and 

we have 

B21 '' ýBl 2 *Bl 3- B33 *B 12) 

B22 ' (B33*Bll - B31*BI3) 

B23 ' (B31*Bl2 - 832*Bll) 

Thus, solving for all the elements in the D. C. 

Matrix for the moving shank, i. e. 

BS -BI, 
B12 B13- 

B21 B22 B23 

B3, B32 B33J 

Calculating the Ankle Joint Centre Coordinates 

From equations (3.4), (3.5) and (3.6). we have 

Ro*ex = R3*lx - D3 
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ko*; 
y a k2 *; 

y 
k0*; 

z-k, 
*; 

z 
+ E*D 

or 
ý0*[BS] - (0] 

*0 
IQ] *[, us] 

where 
-X3*Bll Y3*B12 + Z3*B, 3 - D3 

X2 *B21 Y2*B22 + Z3 *D 23 

_Xl*B31 
Y, *B32 + Zj*B33 +E*Dll 

The ankle joint centre is ;A away from the origin 
of the moving axes system. To relate it to the ground 
frame of reference, we have, 

RA - Ro +[ BS rA 

where 
iA 0.0 

-D5 
0.0 

To solve for the unknown variables Ljo L2 and L3 

we require equatibns (3.1) and (3.3), which gives 

L, - (kl - ko) * e- y 
L2 'm (90 - kl) * Zx 

L3 " (ý3 ey 

Calculating the Kmee-joint-Centre Coordinates 

The knee joint centre is j: K aw ay from the origin of 
the moving axes sistem, to relate it to ground frame of 

reference, we have : 

RK - ko + [BSI*iK 
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wherep FK0.0 

+ D41 L3 
0.0 

6.3.2. Foot- 

0 
Markers are positioned on the foot-wear as shown In 

Figure 6.3.2(a). For the normal footo marker (3) Is 

positioned between the 2nd and 3rd too, marker (1) Is on 
mid-heel and marker (2) is on the Sth metatarsal base. 
For the prosthetic feet (both the SACH and Unioxial)q the 

marker (3) is positioned on the tip of the foot, marker 
(1) is on mid-heel and marker (2) is on a similar 

position-, corresponding to that of the normal foot. 

With the spatial coordinates of the ankle joint 

centre known, (calculated from the previous analysis in 

Section 6.3.1) the orientation of the foot can be 

formulated as follows : 

From the coordinates of the 3 markers and ankle 
joint centre, we have (see Figure 6.3.2(b)) : 

; 
xa - 03 -k1 HABS(k 

3-k 1) 
gya ' OA - k2)IABS(F? A - fi2) 

I 

and by cross-product theory, 

e xa ya 

Nowy 9xa and ýya are only the apparent 

orientations ofthe footo because of the action of the 

metatarsalphalangeal joint during locomotion (see Figure 

6.3.2(c)). Therefore, these direction cosines have to be 

re-defined, firstly by determining the metatarsalphalan- 

geal joint centre, 
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km a g2 + E"(ýz*DF) 

where E is the qualifying coda for the side under 

consideration, i. e. +1 for left side and -1 for 

tight side. 
DF is the distance from marker (2) to the joint 

centre. 

Hanceg 
(kH - 91 

1 )IABS(k U-k 1) 

Z) 

Calculating the position of the heal, we have 

ýH ' k2 4 (ýx*U) 

where H is the length of the marker stalk. 

Therefore, the direction cosine of the foot is as 
f ollows: [ Br] m ex 

ZY 
ZZ 

5.3.3. Pelvis and, Hip-Joint Centres 

The markers are positioned as shown In Figure 6.3.3. 

There are two sets of coordinates obtained for the tail 

markerst 
kT1L and kT2L from the left camera and kTIR and 

R72R from the right camera. These values are averaged to 

givep 

kTJ ' OT1L + kTIR)12- 

RT2 0 (kT2L +k T2R)12 

From these known coordinates, Position (3) on the 

sacrum can be obtained by extrapolation, 

0 
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42) Orp) 

where rp is the ratio of the length between the 2 tail 

markers (see Figure 6.3.3). 

The orientation of the pel%ýis in spaca can bo 
determined as follows : 

;z. (K I-2 YABS(k 
1-k 2) 

; 
xaý 

03 - T? ý)IADS(k3 - k2) 

and by using 'cross-product' theory, 

ZY - zz *Z xa 
Z - Z *Z 

x Y Z 

Thusp the direction cosine of the pelvis is, 

DP ex 
Zy 

L. 

ZZ 

A mid-pelvic position is defined as the origin of 
the pelvic axes systems 

Rp (k2 

Note : An approximate Position of the centre of gravity 
of the whole body can be Calculated as follows 

Rcg (k3 + kp)12 

To determin-e the hip joint-centrest an anthropo- 

metric scaling technique is usually usedg Ishai (1975). 

Harrington (1974) and Trappitt (1981). The scaling 
factors presented by these investigators are as follows 
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Hx - 0.183 D12 
Hy - 0.305 D12 
Hz - 0.122 D12 

Initial tests using these factors showed that they 

were grossly inaccurate in that h. igh knee hyper-extension 

angles were obtained on normal subject d'uring locomotion. 

Dorstal and Andrews (1981) presented anthropometric date 

of a cadaveric pelvis. From these datat another 5et of 

scaling factors was obtained, they are as follows : 

Hx - 0.221 D12 
Hy - 0.327 D12 
Hz - 0.175 D12 

Although these "new" scaling factors are 

than those mentioned earlier, tests with these 

still gave fairly high knee hyper-extension an 

was then decided to measure Hx and Hy directly 

subject, while Hz could be determined from the 

scaling factor. 

larger 

factors 

gles. It 

from the 

"new" 

From tests using interrupted light photography, the 

normal leg was found to swing about the tip of the greater 
trochanter in the sagittal plane. Thereforeg Hx and Ity 

are measured along their respective axes from the anterior 

superior iliac spine to the tip of the greater trochanterg 

while the subject is standing. Measurements from the 

contralateral side were taken. 

To locate the hip joint centres, from these 

measurements, all coordinates have to be transformed to 

the pelvic axes system : 

Rlp w[ 13p] *[ R-R I P) 
k2P w [BPI *[R2 -M 
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Figure 6.3.4. Spatial orientation of left thigh 
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Therefore, the hip joint centres in the pelvis 

axes system are as follows : 

kLP " ýIP [BPI -IlxL 

-"yL 
IIZL 

and, Rpp w k1p + [Bpl 
-"xR 
-HYR 
-IlzR 

Transforming back to the ground frame of reference, 

we have : 

RLH w kp + 
f[B 

PI -1 *ý L Pý 

and 
kRIl' ' kP + 

ý[Bpj -I * ýRp) 

6.3.4. Thiqh 

It is assumed that the knee joint Is a single-axis 
hinge jointo therefore the direction of progression is 

common to both the shank and thigh axes systems, 

Hence, by making use of the direction cosines(; xS) 
associated with the x-axis in the sAank axes system, the 

D. C. Matrix of the thigh can be solved. 

Coordinates of the hip and knee joint centres have 

already been determined from thd previous calculations. 
Therefore, the orientation of the thigh can be determined 

as follows : (refer to Figure 6.3.4) 

Zy w1 gH IABS(kg 

zz . 
[Z 

y *j xsl 

[jy *Z Z] 
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Thus, the direction cosine matrix of tho thigh is 

[BTI 
x 

gy 

;z 

6.3.5. Shoulder, 0 

Markers are positioned as shown in Figure 6.3.5. 

Two sets of sternum markers are obtained from the 

measuring system. They are averaged out as follows 

Rjo (Rjor + R16)12 

4 F? l 7) /2 

Position (1). (2) and (3) are determined by 

extrapolation# 

ki .( ý13 - ýk13 - ý12)*rSl 

ý14 - (F? 14 - 915)*rs] 

kl 0 - Ol 0 - kj I) *rS] 

0 

where rS is the ratio of the length between markers (see 

Figure 

A mid-position between (1) and (2) is definedv 

kl)12 

It can be assumed that there is no rotation about 
the z-axis and that the mid-position Is at the same level 

as point (3) i. e. 

R4(y) - R3(y) 

The orientation of the shoulder in space can be 
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determined as follows : 

;Zm (k2 - kl)IABS(k2 - gl) 

ix - (k3 - k4)IABS(k3 - k4) 

ZY 
- (; Z *zx) 

S 

Thus, the D. C. matrix of the shoulder Is 

ID 
SH] ý ex 

Z 
:: y 

L0Zi 

The shoulder can be approximated as being circular 
from the lateral viewo (Nicolq 1977)osee Figure 6.3.5., 

therefore the shoulder joint centres can be calculated 
as follows : 

RLS w ki - (; 
y *DSL) 

RRS - P2 - (gy *DSR) 

where DSLv DSR are half the left and right Anterior/ 

post. erior width of the shoulder respectively. 

.......... 
6.4. Kinematic Analysis 

Felkel (1951) evaluated three methods of determing 

acceleration from displacement-time data and concluded 
that the grapho-numerical technique was the best, with 
an estimated error of 20%. This procedure is however 

tedious and time-consuming. With the advent of high 

speed, large core computers, numerical techniques have 

become very popular in biomechanical analysis. 

Paul (1967) evaluated the performance of a numerical 
technique described by Lanczos (1959). In this method a 

quadratic curve is fitted to In' number of points using 

0 
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least squares. Comparisons were mado botwoon nw3, S. 7 

and 9 point double differentiation equations. The 

conclusion was that the 7 and 9 point equations tend to 

ovor-damp, while the 3 and 5 point equations introduced a 
large amount of noise. Note that this technique 

incorporated a 'smoothing' function in the equation, 

Plagenhoef (1968) used a Chobyshov least squares 
polynorAial curve fitting technique presented by Kuo(1965) 

to smooth the displacement data before applying the 

polynomial' differentiation to determine the acceleration. 
Winter et al (1974) introduced a 2nd order Butterworth 

digital filter with a first order difference differentia- 

tion technique. Tooth (1976) used a similar technique, 

a 4th order Butterworth digital filter presented by 
Andrews (1975) and a Newtonian numerical differentiator 

described by Darn and McCracken (1972). Zernicke et al 
(1976) suggested fitting biomechanical data with cubic 

spline functions and differentiating the function for the 

derivatives. 

Pezzack at al (1977) compared film generated 

acceleration curves with the analogue signal (obtained 

from an accelerometer) of a single segment movement. 
Three techniques were considered, (a) a second order 
finite difference equation cited by*Miller and Nelson 
(1973) (b) Chebyshev least squares polynomials followed 

by differentiation and (c) the second order recursive 
Butterworth digital filter followed by first order finite 

difference differentiation. They concluded that digital 

filtering combined with a first order finite difference 

technique produced acceleration data very closely 

approximating the analogue signals.. Soudan and Dierckx 
(1979) using raw displacement data from Pezzack at al 
(1977), computed acceleration data while using spline 
functions. They reported that similar accuracy can be 

obtaLned to that of the digital filtering/finite 
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difference technique. This author also used the same raw 
displacemont data from Pezzack et al (1977) to test the 
Lanczos 5-point differentiator used by Paul (1967) and 
also the digital filtering (with different cut-off 
frequency)/Newtonian differentiator used by Tooth (1976), 

The Lanczos 5-point differentintor and digital filtering 
(5Hz cut-off frequency)/Newtonian differentiator, both 

overdamp the data in its 2nd derivatives, Digital 

filtering*(BHz cut-off frequency)/Newtonian differentia- 

tor method gave similar accuracy to that obtained by 
Pezzack et al (1977) and Soudan and Dierckz (1979). 

It can be concluded that both the digital filtering 

coupled with an appropriate differentiator and the spline 
function techniques are boýh acceptable and reliable to 

be used in determining the derivatives of human motion 
data. Howeverp care should be taken in choosing the 

right cut-off frequency for the digital filter and an 

appropriate smoothing factor for the spline function Is 

required. Another problem associated with both methods 
is the end point conditions. For the spline function 

techniquep the derivative has zero value andpoints, so 

unless endpoint conditions are known, this can present 

serious errors. Tor the digital filtering/finite 

difference differentiator method, the endpoints of the 
derivative are erroneous. One solution for this method 
is to have- dummy values at endpoints and discard them 

after processing. 

Numerical-Differentiator 

As discussed in Section 6.2.4. all the data used In 

this project are filtered by a 4th order Butterworth 

digital filter. The differentiator used is the one cited 
In Dorn and McCracken (1972) and used by Tooth(1976). 

The equation is as follows : 
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(X )w1 [f(XO-2h) 
- 8J(Xo-h) 4 8f(Xofh) -J(Xof2h)] 

f, 
0 12h 

where h is the interval between points(whiCh must be 

greater than zero) 
X0 is the point under consideration. 

I 

The linear velocities of the joint contros in tho 

three planes can be calculated by using equation (4.1) 

on the digplacement data. As for the linear accelerations 

of the joint centrest the equation (4.1) Is used on tho 

calculated linear velocities. 

The angular velocities and accelerations of tho 

body segments can be calculated as follows : 

Transformation between a fixed system (Sp) and a 

moving"systqm (SM) can be represented by 

9F - [Bj. 9M 
.... ... (4.2) 

where[B 
]is the direction cosine matrix. 

Let P be a fixed point in the SH system. When the 

S,, system moves(rotates and translates with respect to the 

fixed system SF* the velocity of point P relative to 

fixed system is 

4ý P19glf (4.3) 

It is assumed that the moving system is kinemati., - 

cally rigid and that the coordinates of -p In the moving 

system remain constant. Equation (4.2) can be rewritten 

as 

9PI &- 
[BI-1-9F (4.4) 



Substituting equ ation (4.4) into (4.3). we have 

bF 
mfý 

J[B ]-' 3F 
,*, *. (4.5) 

Now, expression 
[b][B]-' 

' 
is known as the angular velocity 

matrix of the moving system relative to the fixed system 

and is always a skew symmetric matrix. Sao Pipes (1963). 

Hancep 

0 -WZF w 
yp 

wzp 0 -WXF 

-WYF WXF 0 

where WxF', WyF and WzF are the absolute angular velocities 

of the moving system with respect to the fixed system. 
Note that# the first derivative of the D. C, Matrix is 

obtained by using equation (4.1). Thereforep 

F WxF 

WyF 

WzF j 

To relate it back to the moving system, the 

transpose D. C. matrix is used, 

rvif -f I-I. qF 

The angular acceleration relative to the moving 

system, is obtained by applying the numerical differen- 

tiator, equation (4.1), to the angular velocitiesq thus 

w 
H- 

C< 

xm 

c4ypl 

Cezm 
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Direction Correction Factors : 

(Force action on body) 

FP1 -*Fx +*Fy +,, Fz --*Mx +, ýIy +*Mz 

FP2 +,. Fx +*Fy -, Fz +*Mx +*My -*Mz 

Charge Amplifiers 

(for both force plates) 

Top Amp* Fx Fz 
x 

My 

Bottom Amp. Fy Mx Mz 

Buffer Amplifier Settings 

(for both force plates) 

Fx Fy Fz Mx My Mz 

1 2 1.25 2 1.25 

Table 6.5.1(a) Force Plate Calibration Information 
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6.5. Force-Plate Data 

The analogue signals of the ground reactions 

obtained from the force Plates are-convortad Into 

digital form by the PDP12 computer. Those digital data 

are however in IIPDP12 Computer" unittso which have to be 

calibrated and scaled to the real mechanical values. 
Wit6 the knowledge of these ground reactions, the contra 

of pressure can be calculated and force vectors can be 

produced. 

6.5.1. Calibration 

The scaling factors required depend on the values 

of the setting of both the charge and buffer amplifiers. 
Referring to Section 5.3.1, the top charge amplifiers 

are used to set up suitable limits for Fx* Fz and My 

channels# whil 
,e 

the bottom amplifiers are for Fyp Mx 

and Mzo see Table 6.5.1(a). 

The sign convention adopted in this analysis is 

taken from the CPRD task force's recommendation in 

"Standardization of gait analysis parameters and data- 

reduction technique" (1975). Thereforeq the direction 

of the forces and moments has to be corrected for 

consistency. For forces acting an the body, the correct 
direction factors are presented In Table 6.5.1(a). 

These are to be included in the scaling factors. 

Therefores the force plate data are calibrated as 
ollow : 

Forces (in Newtons) = SF Forces (in "PDP units) 

where =. 
Charge .1* SIGN SF Buffer 51.2 

Moments (in Newton-Metro) = SH * Moments (in "PDP" Units) 
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ourfor Settings Amp. Settings Scaling factors 
for Forces (S 

F 

Scaling factors 
fbr*Mbments(SM) 

1: 10 0.1953 0.0516 
2: 10 0.3906 0.1031 
5: 10 0.9766 0.2578 
1: 10 2 1.9531 0.5156 
2: 10 2 3.9063 1.0313 
5: 10 2 3.9063 1.0313 
1: 10 3 

. 19.5313. 5.1563 

1.25 1: 10 0.1563 0.0413 

2: 10 0.3125 0.0825 

5: 10 0.7813 0.2063 

1: 10 2 1.5626 0.4125 

2: 10 2 3.1250 0.8250 

5: 10 2 7.8125 2.0625 

1: 10 3 15.6250 4.1250 

2 1: 10 0.0977 0.0257 

2: 10 0.1953 0.0516 

5: 10 0.4683 0.1289 

1: 10 2 0.9766 0.2578 

2: 10 2 1.9531 0.5156 

5: 10 2 4.8828 1.2890 

1: 10 3 9.7656 2.5781 

Table 6.5.1(. b) Scaling Factors for Forces and Moments 
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Where s Chnrpt, . 0.264 . Sr GV F Buffer 51.2 

Charge - Charge amplifier settings(Machanical 
Units/V) 

Buffer - Buffer Amplifier Settings(V/V) 

SIGN - Direction'Correction Factor 

The full range of calculated scaling factors (SF. 

and Spl)derived from various combinations of charge and 
buffer amplifier settings are presented in Table 6,5,1(b). 

Note that, the direction correction factors are not 
included. 

6.5.2. Centre-of Pressure 

The centre of pressure is an effective point where 
the resultant instantaneous force vector Is applied. 
The coordinates of this position can be determined from 

the forces and moments recorded by the force plates. 
These coordinates are calculated relative to the origin 

of the force plate. They are as followsp (referring 

to Figure 6-5.2) : 

At time 

x(t) - 
Mz(t) #Y* Fx(t_) 

Fy(r) 

Z(t) -Y* 
Fz(t) - Plx(t) 

FY(t) 

where Y-0.04 m- this is the distance from the origin 
of the force plate to the ground 
where the load is being applied. 

The centre of pressure through the stance phase 

can be plotted from the coordinates calculated. This 

will firstly demonstrate the progression of the force 

vector during the stance phase; secondly, it will show the 
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relative loading of the foot and thirdlyptho duration or 
loading over each area. 

Centre of pressure can also be platted against time 
to display dif f erent aspects of the data. The X- 

coordinate versus time plot is a straightforward one, 

which does not require any mathematical manipulation. 
The Z-coordinate versus time plot, requires the 

calculation of the mean of the Z-coordinates, 

n 
Zmean - F, Z(t: )In 

tal 

Where n is the total number of points in the stance place. 

Then referring all Z-coordinates to this meant 

we have, 
Z'(t) ZW - Zmean 

Thus platting Z'(t) against timý would describe the 

movement of the centre of pressure in the Z-Coordinate. 

The centre of pressure displacement versus time plot was 
developed to give a graphical representation which Is 

independent of walking direction. The displacement 

coordinates are defined as follows : 

D(t) - 
J(X(r) 

- Xjref) 2 ý, WO - Zrcr) 2 

where Xref is the first X-coordinate that exceeds the mean 
of the X-coordinate valuesq and 

Zz-ef is the corresponding Z-coordinate. 

Xref and Zref represent the reference point of the 

displacement calculation becausq thq end points of the 

centre of pressure trace (i. e. heel strike and too off) 

represent a transition period of high variabi. lity. 



6.5.3. Force Vectors 

Generation of these data would provide an overview 
of the ground reaction in simplistic graphical form. 
Superimposition of these data onto displacement data of 
the anatomical joint centres would give a better visual 
aid to kinetic analysis. 

Force vector in the sagittal plane can be produced 
bypx and Fy. The direction of the resultant Is given as: 

Oxy tan-' 
[EX] 

Fx 

and magnitude, 

Fxy - 
IFy 2+ Fx2 

Using information from the centre of pressure, 

particularly the X-coordinatest force vectors can then 

be plotted in the sagittal plane through the whole of 

stance phase. These sagittal plane force vectors have 

been demonstrated to be a useful tool In recognition of 

gait deviation, Goccardi et al (1976). 

The transverse plane force vector can also be 

produced fairly easily from Fx and *Pz Again the 
direction of the force vector is given as : 

axz 
a 

and the magnitude, 

6.6 Kinetic A 

tan 
[Fz 

Fxz - 

Ground reaction data can be related to the 

corre-sponding kinematic data to provide information that 

0 



allows definitive assessments. Howevort before any 
kinetic analysis can be made, anthropomatric information 

of the body segments involved has to be determined. 

Henceq this section begins with the description of tho 

methods used in determining the mass moment of Inertia 

of the body segments. The calculation of the oxtornal 
loadings exerted on the joint contras of the lower limbs 

and the instantaneous energy levels of the body segments 
involved In ambulation is also presented. 

6.6.1 Mass, Moment, of Inertia 

The lower limb is divided into three segments; the 

thigh, which is defined as that section between the hip 

and-knee joints; the shankq which is that section betwoon 

the knee and ankle joints; and the foot. 

The mass moment of inertia of the foot about its 

three principal axes has been shown to be very small 

and insignificant by Drillis and Contini (1966) and 
Chandler et al (1975). It has also been determined 

mathematically by Trnkoczy et al (1976) to be negligible. 
Therefore, in this analysis the mass moment of inertia 

of the foot will-not be considered. Howeverg It will be 

regarded together with the shank, because In locomotion 

the foot tends to move as a rigid body with the shank. 

From the studies of Chandler et al (1975), It was 
clear that the values of the mass moment of inertia about 
the longitudinal axis were small. Hence it was decided 

that the effect of the inertial torque about the longi- 

tudinal axis in the analysis is to be ignored. The 

studies also showed that the mass moment of inertia 

about the Z-axis is approximately the same as that of the 

X-axis. Therefore, in this analysis, the two are assumed 
to be equal. 
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Figure 6.6.1 Compound_-pendulum Method of- 
determining inertial effect of 
prosthesis 
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Two methods of derivation are usedg since the ona 
used for the normal limb cannot be applied to the 

prosthetic case. 

a) Normal -limb 

The lower limb is regarded as two segments; (1) the 

thigh and (2) the shank and foot (which also Includes the 

mass of the shoe). 

Using the coefficients presented in Table 2.19 the 

following equation for the mass moment of inertia Is 

adopted : 

Mass of segment# Mscgn ' Cln * Total Body Mass 

where suffix 'n' is used to denote the particular segment 

under consideration. Note also that for the shank/foot 

segmentp Mseg, includes mass of shank, foot and shoo. 

Distance from proximal joint to centre of mass (Cqj 

D (CM) 
nm 

C2n * Lsegn 

where Lsegn ': -- Length of segment(n) 
Radius of gyrationg Rn ' C3n * Lscgn 

0 

Henceg the mass moment of inertia about the proximal 

joint centre is 
(DC(C)1)2 

n+ R2) I(Pj) Hsegn 
n 

b) Prosthetic Limb, 

The compound pendulum method of determining the mass 

moment of inertia was used (See Sect Ion 5.2.3. for details 

of method). 

The equation used In the determination of the mass 

moment of inertia about the proximal joint Is as follows: 
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9.81 of Ser r2 I(Pj) 
4 rz 

ment 

where D(CM) distance from proximal joint to contra or 
mass 

T period of oscillation (s) 

Obviously, not all the limb can bo easily 
suspendod. about its proximal joint$ hence an altarnativa 

pivot must be used. However, this pivoting point must 
be rigidly connected to the segment. 

Hence, referring to Figure 6*6.1, the mass momant 
of inertia about (0) is 

10 9.81 *H2*D* T2 
4ff 

where H- Total Mass of structure 
D- Distance from pivot (0) to centre of mass 

By using parallel axis theorem, the mass moment of 
inertia about the proximal joint can be calculated, 

IC9 Io -M D2 

ltpj) %Iop(CM)2 

I(PJ) Ic) - M(D2 - D(Cý1)2) 

In both the cases (i. e. normal and prosthetic limbs) 
described above, the principal moments Of inertia about 
the three axes are as follows 

Ixx -I (PJ) 

- Iyy - 0.0 - 
Izz - I(PJ) 



247a 

'PR 

l< 

Lr 

w-N 

je--4 

000ý o". odo 

0---% 

4-3 

cr 

0 LL in 

0 

. r4 
m 

M 
c 
rw 

r-4 

x 
0 
94 
cl 

Aa ca 

43 
c 

C 

t 0) ix I 
- 

u ct 

. F= 
L) 

0-0 

C) 
14 

LA 

0 . 



247 

6,6.2 IntersegmentalForces and Moments 

Before any analysis can be porformado savoral 

assumptions have to be made : 

1) Each segment is a rigid body 

2) The location of the centr. o of mass remains fixed 

during locomotion 

3) The mass moment of inertia of each segment Is constant 
during locomotion. 

The forces and moments recorded by the force plate 

are relative to the origin of the force plate frame of 

reference(FP). Referring them to the origin of the ground 

frame of reference (G)t we have 

P(G) - P(PP) 

R(G) - FI(FP) P(FP) 

where 
b is the vector relating the centre of the force 

plate to the origin'of the ground frame of 

reference. 

The following thent is a general solution for 

calculating the nett loads at the proximal joint : 

Referring to Figure 6.6.2, the radius vector and 

linear acceleration of the centre of mass can be 

determined as follows : 

k(CH) - k(DJ)*(I-L(CM)1L) + (L(CM)1L)*k(PJ) 
A(CM) = A(DJ)*(l-L(CV)IL) + (L(C. q)IL)*A(PJ) 

The gravitational forces dctirig at the centre of 

mass are : 

F(CH). y w 0.0 
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FCCM)y 8'*Mscgn 

F(cm)z 0.0 

Wherep g, 9.81 m1s2 

Thereforev the nett force acting at the proximal 
jointo 

P(PJ) -( P(G) - P(CM) - (Usagnol(CM))] 

The nett moment acting at the proximal joint, 

constitutes the following : 

The rate of change of angular momentum, derived from 
the inertia effects 

A. ngular momentum, 

ii 

Where WH is the angular velocity vector 
(I ]is the inertia matrix 

whicil is lxx 00 
0 Iyy 0 
00 Izz 

Hence, the rate of change of angular momentum, 

relative to the moving system is given as : 

dh 
at IXX*MXPI - (IYY-IZZ)Wymowzv 

IYY*C<YM - (Izz-lxx)kzH*Wxm 

L 
IZZ*D(ZH - (IXX-ryy)WX. V*hly. Af 

Reference to this Euler's equation of motion, see 
Harrison (1978). 

Referring these values to the fixed system* the 
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direction cosine matrix is used : 

drl j[BIa[ L" I 
dt F dt I 

4 

b) Moment duo to gravitational and accolorational loads 
acting at the centre of mass,,. 

R(cm) - Omf) - k(pi)) 0 (mserl:; (Cm) , P(cm)) 

c) Moment due to external loads, 

R(EXT) - 
((-k(pj)) * P(G)l # 9(G) 

Thereforet the nett moment acting at the proximal 
joint is, 

d rl Ff (pi) fil(EXT) 
dt 

IF 

6.6.3. Instantaneous Energy Levels 

The instantaneous energy levels of each segment 
consist of the following : 

a) The potential energy, 

P. E. -g* Msegn ; H(CM) 

Where H(CM) is the height of the segment (n) measured 
from the centre of mass (CH) to the ground. 

b) The translational kinetic energy, 

K. Ej T) 2 aI* Msegn 'ý 9MOF 

Where V(CM)F is the linear velocity vector of the 

centre of mass relative to the fixed axes system. 
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c) The rational kinetic energy, 

K. E. (R) 

Therefore, the total Instantaneous energy levels 

of the segment is : 

E(TOT) - P. E. + K. E. (T) + K. E. (R) 

The instantaneous energy levels of the whole log 

can be determined by summing the energy levels of each 
segment. 

The sum of the absolute energy changes over the 

time-period yields the woýk done by the segment (or the 

whole leg ): 

JHAX 
WD - 1: 1A E(TOT)j 

J-1 

Where JMAX is the total cycle. 
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7.1., Discussion on Experimental Accuracy 

It is recognised that in any comparative studios, 
the apparent differences in the rosults obtained should 
be representative of the true situation rather than the 

variation of errors inherent in the data acquisition 

processes, 

Generally, the sources of errors can be categorized 

as systemic errors and random errors. Systemic errors 
are inherent in the measuring instrumentation and the 

analytical procedure. These errors are fairly consistent 
between testsg provided that they are performed under the 

same conditions. Therefore, the effects of this typo of 

error on the differential results between tests should be 

minimal. Howeverp the influence of systemic errors can 
be taken into account by estimating their magnitudes. 
Random errors an the other hand are more damaging and 

could invalidate data used in comparative studios. This 

type of error could be reduced by applying an appropriate 
digital filtering procedure to the data and also by 

averaging repeated results of the same test. Although 

these procedures do run the risk of concealing signi- 
ficant variations, extreme care can be taken to avoid 
this drawback. 

0 

The following sections will describc in dotall the 

accuracy of the instruments and analytical procedura 

adopted in the project. 

7.1.1. Force Plates System 

The Kistler force plate is claimed to have an 

accuracy of +2%9 If load is applied within the boundary 

of 400mm x 264mm an the force Plate surface. Both the 
Kistler force plates used were calibrated by applying 
static loads on the plates in the three orthogonal 
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directions within the specified boundary. It was found 
that the results obtained for the throe orthogonal 
forces were linear over the ranges considered. The 

overall accuracy was about +34ts. This value also takes 
into account the errors introduced through amplirication 
and the analogue to digital conversion of the data. The 

resolution of the system is dependent on the settings of 
the transducer sensitivity range and also the range or 
the amplification. Cross-sensitivity between channels Is 

claimed by the manufacturer to be about +1.5%. 

The dynamic frequency response or the force plate 
was claimed by the manufacturer to be 200 Hz minimal In 
the three orthogonal directions. This was chocked by 
tapping the force plate with a small hammer, and by 

using an accelerometer and a spectral analyser, the 
dynamic impulse response was recorded. Table 7.1.1(a) 

shows the natural frequencies of both force plates In 
the three orthogonal directions. The value recorded for 
the vertical direction for force plate FP1 was 36% lower 
than that claimed by the manufacturer. The vertical and 
lateral directions for FP2 were about 10% lower. 

Tests were also carried out with 70 kg dead weight 
on the surface of the force plates. The dynamic 

frequency response in the vertical direction. as expected. 
was reduced by appro. ximately 35%. However* when a 
subject Of 67 kg mass stood on the force plates, the 
dynamic frequency response increased by approximately 15%. 

and when the same subject walked over the force plates 
in the progressive direction, the dynamic frequency 

response was similar to the unloaded situation. Paul 
(1967) explained that although additional mass is added 
to the force platb as the subject steps onto It , the 

connection involves the joints of the body whose elastic 
stiffness depends on muscular tension and can therefore 
be regarded as negligibly small. This however still does 
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DIRECTIDWRECORDED 

FORMPLATE 

FP1 FP2 

x 351.9Hz 212.511z 

y 1213. Ollz 105.0tiz 

z 232. SHz 172.51lz 

Table 7.1.1(a) Natural frequencies of force plates 
in unloaded condition 
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not explain the increase in the frequency response when 
the subject is stationary on the force plate. The 

mechanics of this phenomenon arc unclear and require 
further investigation 

Neverthelossq the force plates used are capablo of 
picking up all the relevant signAs during tho walking 
evente since the maximum frequencyg which occurs at hool 

strike is only 75 Hz (Simon at al 1901). The remainder 

of the force trace had boon reported to have frequency 

components of 1- 10 Hz. 

7.1.2. Displacement Recording and Dinitising Systems 

The cino-photography technique Is very susceptible 
to errors, these being due to the high degree of hunan 
intervention in the procedure. Howeverg certain measures 

can be taken to minimise these errors. 

Having personnel with good anatomical knowledge 

could avoid errors caused by misplacement of markers. 
However, errors caused by the relative movement between 

the skin marker and the underlying bony structure during 

locomotion would. still be present. To determine the 

exact value of this type of error requires some kind of 

radiographic technique which is beyond the scope of this 

projec. t. Neverthelessp the careful selection of bony 

anatomical landmarks, not covered by muscles, for the 

attachment of markers# would minimise the error. Body 

measurements taken may be anothpr source or error, 

especially when measuring distances between two marker 
beads centres. A maximum error of IOM. m can occur with 

marker beads of 10mm diameter, although only an 

estimated error or +2.5mm is expecte-d. 

It was suspected that when the cameras were running 
a small amount of rotational oscillations or the shutter 
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disc assembly took place. To chock for its effects, the 

rotating shutter was exposed to stroboscopic flaShoa at 
the same frequency. All tho cameras ran up to their 

working speed in within fractions of a second. The loft 

and right cameras were observed to be fluctuating out 

of phase at an approximate range of 5 degrees, while the 
front camera at about 2 degrees. The magnitude of those 

errors is small and relatively insignificant when 
considdring errors due to synchronisation of films. 

Films from the front and side cameras could be, at the 

worst9ono frame out of phaset i. e. 20 ms. This was found 
to produce an error of 20mm'in the direction of progros- 

sion at the hip joint during level walking. The 

technique used in estimating the phase lag timing was 

capable of reducing the error by 75%. Furthermore# it 

was observed that the average phase lag time was about 
lOms9 therefore an error of 2.5mm can be estimated. 

The digitiser used, trado-named DMAC* has a 

resolution of 0.1mm and its accuracy-was found to be 
This was done by comparing the measured distance 

between two physical points on the DMAC table and the 

calculated distance was obtained by digitising the two 

points. In digitising a projected marker imago. an error 

of up to 5mm can occur due to the misalignment of the 

cursor over the 10mm diameter mark6r contra. Howevorp 

an error of approximately'2. Cmm was found by digitising 

the marker image repeatedly. Another source of error in 

the digitising system is the distortion of the projected 
image; this could come from the-camora and projector 
lenses, a distorted mirror and film distortion. Nona of 
these items can be checked individually. 

The recording and digitising systems were also 

chocked for their overall accuracy. A three-dimensional 

spatial calibration frameq with the same size of marker 
beads. as those used in the projecto was filmed by all the 
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three cina-cameras simultaneously. The films were 
digitised and the "raw" data were processed by programs 
"COORDINATES" and "PARALLAX"t the results of which were 
compared with the actual measured coordinates of the 

markers. An accuracy of approximately ! 1.5% was found. 

It is recognised that the phase differences error Is not 
included in the examinationp since the calibration frame 

was stationary when being filmed. Moreover, the relative 

markerlskin movement during locomotion is also not consi- 
dered. Howevert it does give an Indication of the 

possible amount of error generated during the stance 

phase# where relative marker/skin movement is 

considerably small and phase differences do not have such 

a great effect. 

7.1.3. Data Processinq 

The data smoothing process was found to have 

removed noise in a random fashion; It was observed that 

the process did not distort the data. The maximum amount 

of noise removed was Smmo The digital filter and the 

numerical differentiator were also tested by applying 
them to a set of displacement data with known analogue 

acceleration, Pezzack at al (1977). Howeverg this set 

or displacement data was contaminated with pseudo- 

random white noise (Gaussian distribution, standard 
deviation 0.006 rad) as suggested bý Lanshammar (1902) 

before being employed for the test. Figure 7.1.3ja) 

shows the computed acceleration of filtered (B Hz) data 

in comparison with the acceleration of unfiltered data. 

The results indicated that the procedure used is good 

enough to eliminate most of the random errors Introduced. 

Another source of errors In data processing can 
be in the assumptions made in the analysis. The 

assumption that no rotation of the shoulder in the 

sagittal plane took place, was shown to be reason- 

ably acceptableg since only a very. small amount was 
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observed from the displacement data. The main errors in 
kinetic calculationt besides the assumption made with 
regard to mass distribution in limb segments. were the 
inaccuracies in the body segment parameters used. 

7.1.4, Repeatability 

Table 7.1.4(a) shows the average maximum and 
minimum values of the Mz moments of the normal subject 
(NSOV1) and the above-knee amputee (AROVI) during level 

walking. These average values were obtained from seven 
test walks performed under the same conditions. 

The range of scatter in the variables recorded for 
the normal subject is similar to that of the above-knee 
amputee. For example, taking +2 standard deviations, 
(viz 951 confidence level)t th Ae range of scatter Is on 
average +36'A from the mean of the ankle plantar-flexion 

moment at early stance for both the normal subject and the 

above-knee amputee. 

The range of scatter varies in magnitude when 
considering joint moments at different levels, and alsos 
smaller moment values tend to have a greater range of 
scatter than larger moment values. At the ankle joint, 
the minimum Mz values has a greater*range of scatter 
(136'jifa of the mean) than that of the maximum Mz values, 
i. e. +6% of the mean. Although the maximum hip Mz 
moment, has approximately the same magnitude as the 

maximum ankle Mz moments, the scatter range is greater, 
i. e. +25% of the mean. 

Due to the high percentage of scatter, it Is 

essential to chec'ý if comparison made between two values 
is significant. To do this the method of the standard error 
of difference is used. For exampleg the minimum ankle 
Mz moments of the above-knee amputee an the prosthetic 

6 
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Si f 
SACH foot Uniaxial foot 

Patient 
Coda 

Mass 
(kg) 

;co 
Piosthetic Heel Heel Plantar Heel 

foot Compressibility Height 
(mm) 

bumper 
stiffness 

Height 
(mn) 

ORV02 64.0 26 medium 18 1142/3 25 

BROV3 63.6 26 medium 18 042/3 25 

13RO04 70.0 27 medium 18 042/3 25 

ORVOS 100.0 28 firm 18 042/6 2S 

DR007 75.8 28 medium 18 042/4 25 

BLO12 74.6 27, medium 18 D42/4 2S 

Table 7.2(a) Selection of heel stiffness for Below-knee Amputee 

Si f 
SACH foot Uniaxial foot ot] 

Patient 
Code 

Mass 
(kg) 

ze o 
Prosthetic Heel Heel Planter tic el 

feet Compressibill y 
Height 

mm) 
bumPer 

stiffness 
Height 

(mn) 

AROV1 81.4 28 medium is 042/3 2S 

ALVV6 81.5 27 medium 18 D42/4 2S 

ARVlV 69.1 26 medium 18 B42/3 25 

ARV11 73.6 27 medium 18 Otto 25 
Bock's 

ALV13 95.5 27 firm 18 042/5 25 

Table 7.2(b) Selection of heel stiffness for Above-knee Amputee 



259 

side of the SACH and Uniaxial foot can be chocked for 

significant difference. The difference betucen the two 
samples means is 16.0 Nm. The standard error of 
difference between the two samples-Is, 14.0 tin (i. c. 99.7', ', 

confidence limit). Thoreforeq the difforence between the 

minimum ankle Mz moments of the SACH and the Uninxial 
foot is significant. This method of checking for signi- 
ficant difference was used throughout the evaluntion for 

other parameters as well. 

The maximum hip Mz moments of the normal subject 
wereused to estimate the errors caused by the displacement 
data and force plate datagat the a 95% confidence level. 
The estimated error of the maximum hip Mz moment Is 

+12%. This value is within the total range of scatter 

of the maximum hip Mz moments (+25100. 

7.2. Preliminary Assessment of Prosthetic Feet 

Each patient was initially fitted with a SACH foot. 
The grade of the heel cushion was selected according to 

the mass of the patient as well as the consideration of 
his activity level. It is more or less a "trial and 

erzor" procedure. Uith an experienced prosthetist, 

usually a suitable heel cushion should be selected by 
the second trial. The criteria and procedure were also 

applied to the fitting of the Uniaxial foot. Tables 
7.2. (a) and (b) show-the preferred heel stiffness for the 
two types of-prosthetic feet used an the below- and above- 
knee amputees, respectively. Three of the below-knee 

amputees showed preference for the medium grade SACH foot, 

even though their body mass exceeded that recommended 
by Radcliffe and Foort (1961), see Table 4.3.1(b). 

Furthermore, from-the data collected, there Is an 
indication that the guide to heel selection would not be 

suitable for the less-active a. mputees, who may require the 
soft grade SACH foot. Therefore, the guide has to be 
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revised to include the level Of activity as one of the 

basis of selection. 

Figure 7.2(a) shows the load versus deformation 

curve of the plantar-flexion tests on both the SACII and 
Uniaxial foot. Due to the inadequacy of the Veterans 

Administration's classification of prosthetic anklo/foot 

assemblies, all the planter rubber bumpers of the Uniaxial 

foot we , re classified as being "firm"# although clearly 
they were of different stiffness. Therefore# it was 
decided that each patient should be fitted with all the 

available types of plantar rubber bumpers. From those 

fittings and the compression tests performed an mechanical 
tasting machines, it was clear that the "Strathclyde" 

rubber bumpers are able to be classified more specifi- 

cally. Samples D42/3 and 042/49 with Shore A hardness of 
560 and 600 respectively, can be classified as "modium" 

Uniaxial grade, while samples D42/5 and 042/6p with Shore 

A hardness of 800 and 85 0 respectively can be classified 

as nfirm" Uniaxial grade. The Otto Bock plantar rubber 
bumper was considered to be "soft" by most of the 

patients, this being distinctively evident during their 

gait when the prosthetic foot plantar-flexed rapidly 

immediately after heel contact. The range of bumper 

stiffness was adequate for all the patients tested. 

It was observed that for a P8; ticular amputee the 

heel stiffness preferred for the Unioxial foot was always 

more stiff than that of the SACH foot, according to the 

load versus deformation curve. This may be duo to the dif- 

ferent static load bearing chardcteristics ofboth feet, It 

is perhaps more appropriate to consider the ankle plantar- 
flexion moment versus the ankle angular displacement 

curvet which is more representative-of the dynamic 

situation. 

Fitting and subjective assessment were carried out 
by experienced prosthetists. No significant change was 
detected in the gait pattern of the Patients when the two 
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typos of prosthetic foot were fitted. Most of tha gait 
deviations observed ware consistent with the patients' 
usual manner of walking. 

7.2.1. Patients' Comments 

Below-knee Amputees 

Patient DR002 felt that the SACH foot gave a 
smoother ankle motion during the transition of weight 
from heel to too during stance phase. Besides thisp both 

prosthetic feet functioned satisfactorily. The patient's 

overall preference was for the SACH foot. 

Patient BRV03 found that tho "roll-over" during 
late stance provided by the Uniaxial foot was slightly 
better than that of the SACH foot. Otherwise, no 

significant difference was experienced between either 
type of prosthetic foot. Howevert the patient preferred 
the SACH foot because it "felt a lot better". 

Patient BLVJ4 liked the plantar flexion action of 
the Uniaxial foot immediately after heel contact. He 

also expressed that it Is aesthetically better looking 

than the SACH foot. Besides this, the patient found no 

other significant differences between the two feet. The 

patient's overall preference was for the Uniaxial foot. 

Patient BRO05 found that the SACH foot was too 

rigid. He was delighted with the plantar-flexion action 

of the Uniaxial foot immediately after heal contact. He 

also expressed that the "roll-over" was better with the 

Uniaxial foot. The patient's overall preference was for 

the Uniaxial foot-. 

Patient BRV%7 walked with an exceptionally good 

gait with either of the two prosthetic feet. He found no 
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significant difference between the two foot and thus he 
expressed no preference. 

Patient BLO12 expressed his delight in the func- 
tional aspect of the Uniaxial foot. Cushioning affect 
of the foot at heel impact and "roll-ovor" during late 

stance were found by him to be better than the SACH foot. 
He felt that he could walk at a faster pace and with 
more comfurt on the Uniaxial foot. The patient's overall 
preference was for the Unlaxial foot because it felt 
"much more lively and natural". 

An assessment of these comments from the below-knee 

amputees showed that there is no general preference for 

a particular type of prosthetic foot; three preferred the 
Uniaxial fOOt9 two preferred the SAC" foot and one had no 
preference. The three who preferred the Unlaxial foot 

were unanimous in expressing their delight at the plantar 
flexion action of the foot immediately after heal strike. 
out of these three patients, two were convinced that the 
Uniaxial foot has definite advantages over the SAC" foot. 

Apart from this, the remaining four amputees found no 

significant difference in function between the two types 

of foot. 

Above-knee Amputees 

ýatient AROV1 felt that the SACH foot provided a 

smoother ýroll-over" and better stability than the 

Uniaxial foot, although he expressed that he liked the 

cushioning effect of the Uniaxial foot during heal 

impact. The patient's overall preference was for the 

SACH foot, which he expressed without any hesitation. 

Patient ALVO6 liked the plantar-flexion action of 

the Uniaxial foot Immediately after heal contact because 

it was "more natural looking". Although not much 
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difference was experienced with regard to the smoothnoss 
of ankle motion during the transition of weight from 
heel to toe during stance phaset the patient preferred 
the Uniaxial foot. His overall preference was for tho 
Uniaxial foot. 

Patient AR010 was very pleased with the cushioning 
effect provided by the Uniaxial foot during heel impact. 
He also felt that the "roll-ovor" with the Unioxial foot 
was slightly better than that of the SACH foot. Other 
functional characteristics were very much the soma with 
either types of prosthetic feet. The patient's overall 
preference was for the Uniaxial foot. 

Patient ARV11 found both prosthetic feet to be 
functionally satisfactory and acceptable. Howaverg his 

overall preference was for the Unlaxial foot because he 
liked the plantar-flexion action immediately after heel 

strike. 

Patient AL013 expressed that the cushioning effect 
of the Uniaxial foot at heel impact and the "roll-overff 

were not as good as the SACH foot. He felt more stable 
with the SACH foot than the Uniaxial foot. He also felt 
that the dorsiflexion stop of the Uniaxial foot coming 
into action had two distinct moves. 

* 
Firstly, the ankle 

joint rotates until it hits the dorsiflexion stop and 

when it does, then the "roll-over" begins. This made him 
felt slightly insecure. The patient's overall preference 

was for the SACH foot. 

Similar to the below-knee amputees' reactions, an 
assessment of the above-knee amputeest responses showed 
that there is nogeneral preference. for a particular 
prosthetic foot; three preferred"the Unlaxial foot and 
two preferred the SACH foot. 

. 
The two amputees who preferred the SACH foot found 
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Patient Proscribed Prosthetic. Foot 
Code an Patient's own Prosthesis 

DR002 SACH 

BRO03 SACH 

OL004 Uniaxial(wooden) 

OR1305 SACH 

DR007 Uniaxial(wooden) 

BLO12 Uniaxial(Moulded) 

Table 7.2.1(a) Bolow-Knee Amputees 

Patient Prescribed Prosthetic Foot 
Code an Patientls own'Prosthesis 

AROV1 SACH 

AL006 Uniaxial(Moulded) 

ARJ310 Uniaxial(wooden) 

AR011 Uniaxial(wooden) 

AL013 SACH 

Table 7.2.1(b) Above-Knee Amputees 

. Overall 
Preference 

SACH 

SACH 

Uniaxial(ýquldad) 

Uniaxial(Moulded) 

No preference 

Uniaxial(Moulded) 

Overall 
Preference 

SACH 

Uniaxial(Moulded) 

Uniaxial(Moulded) 

Uniaxial(Moulded) 

SACH 
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the ankle motion during the transition or weight from 
heal to too much smoother and that also, the feeling of 
security in balance was greater than with the Uninxial 
foot. Both amputees were not hositant about their 

choice of the SACH foot. The three amputous who 
preferred the Uniaxial foot liked the plantar flexion 

action immediately after heal contact. Ono even expressed 
that the "roll-over" for the Uniaxial foot was bettor 
than that of the SACH foot, 

The reactions of both the below- and abova-knoo 

amputees to prosthetic feet, as reported heregare 

different from the clinical experiences discussed In 
Section 4.3.2. These findings also varied from those 

reported by Fishman at al (1955). They presented the 

reactions of three below- and three above-knoo amputees 

who f-ound significant improvement with regard to the 

cushioning effect at heel impact and the smoothness of 

ankle motion with the SACH foot. Some improvement was 
also reported in socket comfort and security in balance 

over the conventional foot. The differences in reactions 

could be due to the smaller sample size of Fishman at al 
and also to the fact that the comparison was made against 

the conventional single-axis wooden foot. 

Tables 7.2.1(a) and (b) show the prescribed 

prosthetic foot on the patient's own artificial limb and 
that preferred by him in the experiment. This comparison 

seems to indicate that the amputee's preference of a 

particular prosthetic foot corresponds to that with which 
he is already familiar. Howevek, there are two exceptions 
and furthermore, those with a wooden single-axis foot 

prefer the moulded-type Uniaxial feet. 

7.2.2. Prosthetists' Comments 

With regard to the prosthetist's choice of fitting 

prosthetic feett the two participating prosthatists had 
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slightly different preferences. 

One of the prosthetists an the onset prefers to fit 
the SACH foot to both the below- and above-knue anputcc3. 
The rationale behind this preference is thot it Is much 
easier to fit and the maintenance requirement of it Is 
almost nil. He believes that the SACH foot provides 
adequate function for the two levels of amputees. If the 
patient fails to respond satisfactorily to the SACH foott 
for one reason or another, he would try the Uniaxial 
foot. He has found that some patients (both below- and 
above-knee amputees) perform better on the Uniaxial foot 
than with the SACH foot. 

The other prosthetist prefers to fit all the below- 

knee amputees and those very active above-kneo amputees, 

with the SACH foot. For all loss-active above-knee 

amputees, the moulded Uniaxial foot is preferred. This 

is because this category of patients tends to walk vory 

slowly and therefore requires foot-flat position quicker 
to provide stability. " 

Both prosthetists felt that the three grades of 
heel cushions available for the SACH foot are adequate 
for the range of below- and above-knee amputees. The only 
plantar bumper for the moulded Uniaxial foot of the 

nodular type, supplied by the manufacturer, was found to 
be inadequate for even the sample Of amputees used In 
this project. Both prosthetists were keen an the idea of 
having a range of rubber bumpers with varying stiffnesses 
for selection having found 'the performance of the 
"Strathclyde" rubber bumpers perfectly satisfactory. 

Two other experienced prosthetists were asked to 

give their comments on the choice of prosthetic feet. 

Onev a senior prosthetist, prefors tofit the SACH foot to 

almost all below-knee amputees and those very active 

above-knee amputees. However, most of the above-kneo 
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amputees treated by him are onfooblod and ara fairly 

unstable. The moulded Uniaxial feat are prescribed for 

this class of patient, since foot flat position with 
this type of foot can be achieved 4uickly to provido 

stability. The other prosthotist profars to fit tho 

SACH foot to both the below- and above-knoo amputues. 
The reason given was that it is easier to fit and 

maintain. However, he would attempt to fit the Uniaxial 

foot to the inactive above-knoo amputoos, if stability is 

required. 

7.3. Alignment Measurement Results 

Tables C(l) and C(2) in Appendix (c), show the 

results of all the alignment measurements ofthe below- 

and above-knee prostheses, respectively, The definitions 

of the alignment parameters are also presented in 

Appendix (C). 
-Presented together with the results of the 

alignment measurements ar-e the ranges of "optimum" align- 

ment obtained for each of the individual amputees. These 

"optimum" alignment ranges are the result of an on-going 

project towards the understanding of the patients' 
tolerance to dynamic alignment and an attempt to quantify 
noptimum" alignment, see Zahedi (1982). The prostheses 

used in the determination of these "optimum" alignment 

ranges were the same as those used in this project. 
Furthermore, the same prosthetists were also employed. 
tiowevert these "optimum" alignment ranges were obtained 

with the SACH foot only. Nevertheless, the results 

compared well with those obtained in this project. 

Below-knee Prostheses 

Figure 7.3.1(a) shows the typical results of the 

alignment meas'uremont of a right below-knoe prosthesis 

plotted in the M/L and A/P planes. The "optimum" 

alignment ranges for this particular amputee are also 
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plotted in the diagrams. The alignments for the SACti 

and Uniaxial foot were included for comparlson. noth 

alignments were observed to be within the "optimum" 

alignment range. 

From Table C(l), the results obtained were found 

to be within tbe "Optimum" alignment range in all of the 
below-knee prostheses measured, either with the SACII or 
the Uniaxial foot. On comparison of data obtained for 

the SACH and the Uniaxial feeto certain consistent 
differences were observed in all the prostheses. The 

most obvious one was the socket heightt since the foot 

height of both prosthetic feet has a difference of about 
1 cm. The socket height for the Uninxial foot was found 

to be longer by 1.09 cm (+0.04). The Uniaxial foot tends 

to have a greater socket 
; 

et out when compared with that 

of the SACH foot. The average difference is about 1.46cm. 

The SACH foot tends to too-out more than the Uniaxial 

foot by an average value of 3.50. 

The other alignment parameters which ware consi" 
dered did not show any significant difference when a 

comparison wýs made between SACH and Uniaxial foot. It 

must be noted that while there is no difference in the 

socket forward set between that of the SACH and Uniaxial 

footv there is a difference in the distance between the 

axis of foot bolt/ankle and the heel. . This distance in 

the Uniaxial foot is longer by I. Scm. The SACH foot, 

unlike the Uniaxial foot* has no articulating joint, 

therefore effectively the socket forward set of the SACH 

foot is posterior to that of the Uninxiai root by 1.5cm, 

These differences in alignment parameters suggest 
that when replacing either the SACH'ar the Uninxial foot 

in the prosthesis* different alignment adjustments are 

necessary. These alignment changes have to be considered 

as an integral part of the differences in the SACH and 
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the Uniaxial feet. 

7.3.2. Above-knee Prostheses 

Figure 7.3.2(a) shows the results of the alignmant 

measurement of a right above-knee prosthesis plottad In 

the M/L and A/P planes. The "optimum" alignment rangas 
for this particular amputee are also plotted In tho 

diagrams. Both the alignments of tho prosthesis with 
SACH and Uniaxial foot were observed to be within the 
noptimum" alignment range. 

Table C(2) shows that all the other alignments 

measured from the above-knoe prostheses (with the SACH 

and Uniaxial foot) are also within the "optimum" 

alignment range. Comparison between results obtained for 

the*SACH and the Uniaxial foot shows some consistent 
differences in all the prostheses. The socket height for 

the Uniaxial foot was on average 1.12cm (+0.16) grantor 
than that of the SACH foot. This is due to the difference 

in foot heightp as explained in the previous section. 
The toe-out with the SACH foot tends to be more than týhat 

of the Uniaxial foot by an average value of 2.460. This 

trend is consistent with that found in the below-knoe 

alignment results. The socket flexion, with the Unlaxial 

foot, was found to be slightly more-then that of the SACH 
a foot. The average difference in value was 4.6 

The difference in the distance between the axis of 
the foot bolt/ankle and the heel of the SACH and Uniaxial 

foot was mentioned in the previous section. This 

difference meant that the knee set back and socket 
forward set of the SACH foot were nou brought back by 

1.5cm. The knee fimt back of the Unjaxial foot is there- 

fore anterior to that of the SACH foot by 1.2cm. This 

difference is significant. The difference in the socket 

forwaFd set after correction howevert is not significant 
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N- 

Temporal Time(s) Percent of Parameters of mean (+1 S C ) Walking cycle(%) Walking Cycle . . 

Stance Phase 
(both limbs) 

0.67 
(0.03) 60.0 

Swing Phase 
(both limbs) 

0.45 
(0.02) 40.0 

Double Support 0.09 8 0 Phase (0.01) . 

Temporal Time(s) Percent of Components of mean (+1 S D ) Stance Phase ('41) 
Stance Phase . . 

Heel-strike to 
Foot-flat 

0.12 
(0.01) 17.9 

Foot-flat to 
Heel-rise 

0.37 
(0.02) 55.2 

Heel-rise to 
Toe-off 

0.18 
(0.04) 26.9 

Speed of Walking 1.465 m/s* 
Q 0.086) 

Cadence 114 steps per minute 

Ratio of Swing to 
Stance 0.67 

Table 7.4.1(a) Temporal Parameters of one Normal 

Subject 
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since it is within the scatter rqngo. 

All other alignment parameters considered did not 
show any significant difference when a comparison was 
made between the SACH and the Uninxial fact. 

7.4. Kinematic Results 

7.4.1. Teý. poral Parameters 

Table 7.4.1(a) shows the results of tests on a 

normal subject. Altogether, seven test walks were 

analysed. The temporal parameters of walking obtained 

were observed to be consistent with those presented by 

Murray et al (1964), see Figure 2.4.1(1). The preferred 

speed of walking varied from 1.381 m/s to I. SG4 m/s. 
The average speed of walking was calculated to be 

1.485 m/s with a standard deviation of 0.006 m/s. The 

corresponding average cadence was 114 steps per minuto, 
The ratio of swing phase to stance phase Is 0.67. 

The temporal components of the stance phase are 

also presented. Slightly more than half the stance 

phase time was found to be spent during the period of 
foot-flat (FF) to heel-rise (HR). This long period of 
having the foot flat is to provide a broad base of 

suppor. t while the contralateral limb, swings through to 

the next step. Thereforet this period Is important as 
it offers stability to the body. The temporal parameters 

of the two limbs were observed to be very similar 
(0.02s difference). The average amount of variation In 

the temporal factors was found to be within 0.02 s. 

Table 7.4. f(b) shows the average temporal 

parameters of six below-knee amputees. Between these 

six amputee subjects, a total of 24 test walks was 

analysed. The average preferred speed of walking for the 
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Temporal Time(s) Percent of Parameters of 
Walking cycle 

mean 
(+l S. D. ) Walking CycleM 

SACH Uniaxial SACH Uniaxial 

Stance Phase 
-Sbund 0.696(0.08) 0.688(0.05) 60 62 
Prosthetic 0.652(0.05) 0.665(0.03) 57 60 

Swing Phase 
-Sound 0.463(0.04) 0.428(0.04) 40 38 

Prosthetic 0.488(0.04) 0.445(0.03) 43 40 
Double Support 

-Sound 0.100(0 03) 0.105(0.02) 8.6 9.4 
Prosthetic 0.096(0: 03. ) MZ3(. 0.02. ) 8.4 11.1 

Temporal Time(s) Percent of Components of 
Stance Phase 

mean 
1. S.. D. Stbnbe Phase 

HS to FF 
-Sound 0.136(0.03) 0.144(0.01) 19.6 21.0 

Prosthetic 0.292(0.05) 0.149(0.02) 44.5 22.4 
FF to HR 
*-Sound 0.372(0.06) 0.344(0.03) 53.6 50.1 
,, Prosthetic 0.104(0.02) 0.292(0.03) 15.9 44.0 

HR to TO 
-Sound 0.188(0.05) 0.200(0.04) 26.8 28.9 

Prosthetic 0.256(0.03) 0.224(0.05) 39.5 33.6 

SACH Uniaxial 

Speed of Walking(m/s) 1.354(0.139) 1.36(0.095) 

Ratio of Swinig to Stance 
- Sound 0.67 0.62 

Prosthetic 0.75 0.67 

Table 7.4.1(b) Temporal Parameters of Below- knee 
Amputees 

#A 
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balow-kneo amputees was found to be the Same whether 
they used the SACH or Uniaxial root. The stnnea and 
swing phase timings wore observed to be consistent with 
those presented by Groakoy (1976). see Figure 3.3.1(d). 

The stance phase of the sound limb is longor than that 

of the prosthetic side and consequently the swing phone 
of the prosthetic side is longer than that of the sound 
side - this applied to both the SACH and Uninxial foot, 
Thust the symmetry In the parameters observed between 
the left and right log of the normal subject is not 
apparent in the below-kneo amputees. With the Uniaxial 
foot the stance phase times for both the sound and 

prosthetic limbs were 2 to 3% longer than those of the 

SACH foot. 

The temporal components of the stance phase for 

the sound limb are similar to those of the normal 

subject. However, for the prosthetic limb there are 

significant differences. For the first period of stance 

phaset the Uniaxial foot demonstrated similar charac- 

teristic to the normal foot. This is due to the ability 

to plantar flex the foot about the hinge and the control of 

the-rubber bumper. which simulates the pro-tibial 

muscles. With ttTe SACH foot, this period extended to 

more than twice the normal time. This is because the 

rigid ankle prevents pivoting about the ankle axis. 

Therefore foot-flat position has to occur by compression 

of the heel cushion and forward movement of the knee 

joint. The delay in foot flat for the SACH foot does 

not affect the overall timing of the walking cycle. The 

total prosthetic stance phase duration with the SACH or 

Uniaxial foot was similar. 

The second period of stance phasev tends to be 

shorter for the SACH foot, approximately 300, of the 

sound limb. This is due to the rigid ankle of the SACH 
foot. For the Uniaxial foote this period is of 
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Tomporal Time(s) Percent of Paromotors of 
Walking Cycle 

mean 
(+l S. D. ) Walking Cycle(%) 

SACH Uniaxial SACH Uniaxial 

Stance Phase 
-Sound 0.832(0.04) 0.835(0.04) 63 63 
-Prosthetic 0.729(0.02) 0.721(0.03) S5 54 

Swing Phase 
-Sound 0.492(0.04) 0.493(0.04) 37 37 
-Prosthetic 0.594(0.05) 0.604(0.02) 45 46 

Double Support 
-Sound 0.119(0.03) 0.110(0.03) 9.0 8.3 
-Prosthetic 0.128(0.03) 1 0.131(0.04) 9.7 9.9 

Temporal Time(s) Percent of Components of 
St 

mean 
(+l S D ) Stance cycle(%) 

ance Phase . . 

HS to FF 
-Sound 0.03) 0 156 0.151(0.03) 18.8 18.1 
-Prosthetic 

ý 
0: 245 0.02) 0.147(0.02) 33.6 20.4 

FF to HR 
-Sound 0.256(0.09) 0.279(0.07) 30.0 33.1 
-Prosthetic 0.118(0.03) 0.263(0.02) 15.7 36.5 

Vaulting 
-Sound 0.179(0.01) 0.175(0.02) 21.6 20.4 

HR to TO 
-Sound 0.245(0.03) 0.240(0.04) 

ý 
29.6 28.4 

-Prosthetic 0.374(0.04) 0.311(0.05) 50.7 43.1 

SACH Uniaxial 

Speed of Walking(m/s) 1.043(0.062) 1.043(0.062) 

Ratio of Swing to Stance 
- Sound 0.59 0.59 
- Prosthetic 0.81 0.84 

Table 7.4.1(c) Temporal Parameters of Above-Knee 

Amputees 
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approximately the same duration as that for the sound 
limbo (approximately 85% of the normal). 

The third and final period prepares the foot for 

too-off. The SACH foot takes a slightly longer tima to 

roll over the ball of the foot than the Uninxial foot. 
This could be due to the different geometry of the kool 

at the distal section. 

The ratio of swing to stance phase for the sound 
side is 0.67 for the SACH and O. G2 for the Uniaxial foot. 
These values are approximately those of the normal 

subject. For the prosthetic side with a SACH footg the 

ratio is 0.75 and with a Uniaxial foot it Is 0.67, This 

result suggests that with the SACH foot the prosthetic 
limb spent less time during stance phase which may be an 
indication of instability. This however is not substan- 
tiated by the reactions of the subjects and hence requires 
further confirmation from kinetic data. 

Table 7.4.1(c) shows the averaged temporal 

parameters of five above-knee amputees. From these five 

above-knee amputees, altogether 28 test walks were 

analysed. The averaged preferred speed of walking for 

the above-knee amputees was found to be the same with 

either the SACH or Uniaxial foot. This value compared 
favourably with that presented by Murray et al (1980)9 

see Figure 3.3.1(b). On comparison with those obtained 
for the below-knee amputees and the normal subjects the 

speed of walking for the aboOe-: knee amputee is slouer by 

about 30%. 

The tempor4l components of. the walking cycle as 

showng varied slightly in values with those reported by 

other investigators, see Figure 3.3.1(b). The stance and 

swing phase durations recorded in this project are 

shorter. This may be due to the fact that the above-knoe 
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amputees used in this investigation are more active, 
Furthermore the scatter in the results seems much 1055 
than those reported previously. 

There is no significant difference in the stanco 

or swing phase timings between the SACH and Uninxial 

foot for both the sound and prosthetic limbs. Ilowavor, 
the stance phase for the prosthetic limb is much shortor 
than that bf the sound limb. This is probably duo to the 

relative weakness of the adductor muscles (as compared to 
the normal and below-knoe subjects) of the abova-knoo 

amputees, resulting in lesser ability to control the 

ps . 1vic tilt in the M/L plane after mid-stanco, Thoreforaq 

the swing phase of the sound limb is shortened to 

assist or take over the control of the pelvis from the 

prosthetic limb. 

The first and third periods of the stance phase 

of the sound limb are similar to those of the normal 

subject. However, the second period is divided into two 

sectionst from foot-flat to heel-rise and "vaulting". 

On average, the above-knee amputees spent 20% of stance 

phasq "vaulting". All the amputees are known to have 

nvault", through habit rather than a feeling of 
insecurity. The length of vaulting seems to be unaffec- 
ted by the use of either type of prosthetic feat. 

The first period of the stance phase of the 

prosthetic limb with a Uniaxial foot is similar to the 

normal, however the second period is much shorter. It 

is also shorter than that of below-knoe amputees with a 
Uniaxial foot. This could be due to the inability of 

the above-knee amputee to control th e ankle movement 
during this period resulting in having to pivot about 
the single-axis joint and therefore moving rapidly to 

engage the dorsiflexion stop. The third period of stance 

phase of the above-knee amputees with the Uninxinl foot 
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is much longer than that of the normal subject as well 
as the bolow-knoo amputees with Uniaxial foot, 

With the SACH foot, the first poriod of stanca for 

the prosthetic side is longer than that of tho normal 

subject. It is howevert shorter than that of tho bolow- 

knee amputee with SACH foot. This could bo duo to tho 

alignment of the prosthesis, such that the angle of 

approach of the foot is loss. Henco, the foot rolls to 

foot flat faster than that of the below-knoo amputoo. 
The second period of stance phase for tho above-knoo 

amputee with SACH foot is the some as that for the bolow- 

knee amputee with SACH foot; howevor the third ooriod 
is very much longer. 

7.4.2. Displacement Data 

Stick Diagram 

In order to assess the smoothness and aesthetic 

quality of gait, the trajectories of the Joint centres of 
the lower limb and shoulder are considered. Furthermore, 

in discussing the problem of comparing the function of 
the SACH and Uniaxial feet with several experienced 

prosthetistso it was suggested that the hip and shoulder 
trajectories during level walking should be examined, as 
they might-provide useful evaluation criteria. 

Figure 7.4.2(a) shows the trajectories of the ankle, 
knee, hip and shoulder joint centres of a normal subject. 
Altogether seven test walks are superimposed one on top 

of the other. The range of scatter in the trajectories 

is approximately t12 mm. This could be due-to errors 
inherent in the recording and reduction systems and also 
the uncontrollable step to stop variations, Including 

speed of walking and step length changes. Howevers tho 

overall pattern presented is consistent with those 
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Figure 7.4.2(b) Typical. Stick Diagram of O'elow-Knee Amputee 



274 

reported by other investigatorst Murray at al (1964), 

The curves demonstrate the typical two peaks in the 
hip and shoulder joint centros trajectories. The knee 
joint centre rises to a maximum# approximntaly 0,14 s 
before heel contact. The ankle joint centro rises to a 
maximum approximately 0.12s after too-off, The flexing 

of the knee during stance phase prevents the body from 

elevatingt thus maintaining the smooth trajectories of 

normal gait pattern. 

Figure 7.4.2(b) shows the typical stick diagrams 

of a below-knee amputee. The curves arc similar to- 

those of the normal subjectq except for the prosthetic 

side where the oscillating amplitudes are slightly less. 
Comparison between the SACH foot and Uniaxial foot showed 

no significant difference in the shapes of the curves. 
Any differences invalues are within the +12mm scatter 

range# which does not constitute a significant change. 

Figure 7.4.2(c) shows the typical stick diagrams of 

an above-knee amputee. The trajectories differ signi- 

ficantly from those of the normal subject. The knee of 

the sound limb of the above-knee amputee is not raised as 

high as that of the normal or below-knee subjects. The 

trajectories of the hip and shoulder an the sound side 

show the two peak patterns although the peak associated 

with stance phase has a slightly higher amplitude. On 

the prosthetic side however, there is only one peak in 

the hip and shoulder trajectories, which is associated 

with the prosthetic swing phase. The amplitude of this 

peak is similar to that of the sound side during stance 

phase. This is recognised as being 
' 
the vaulting action, 

inherent in the gait pattern of all the above-knue 

amputees test&d. The absence of a trough before a 

second peak in the hip and shoulder trajectories is due 

to the prosthetic knee being fully extended and locked 
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during this period. Thereforo, during stanco phasag the 

extended locked knee of the prosthetic limb givas a 

pivoting compass affect, 

Comparison between the SACH and Uniaxial foot 

gives no significant differences in the overall gait 
pattern of the above-knee amputees. Any magnitude 
differences are within the +12mm scatter In the datat 

which cannot be regarded as significant. 

Angle-Time Dia2ram 

Figure 7.4.2(d) shows the angle-time dinqrams of 
the normal subject. The general patterns of all the 

curves presented here are similar to those reported by 

peizer et al (1969)t although the magnitudes hare arc 

slightly larger. The range of scatter in the data 

presented is on average +70. 
' 

The foot Is plantor-flexed 

after heel strike to about 150 and then dorsiflaxed to 

also about 150 after mid-stance, Then it is planter- 
flexed again to about 20 0 to actively push off at too-orf. 

The knee flexion at stance phase Is about 290 and at 
0 

swing phase about 76 The hip is flexed approximately 
310 and is extended to about 20 

Figure 7.4.2(e) shows the typical angle-time 
diagram of a below-knee amputee. The flexion-extension 

angles Of the anklet knee and hip joints an the sound 

side are fairly similar in feature to the normal subject. 
On the prosthetic sideq the Uniaxial foot registered a 

plantar-flexion of between 10 to 15 degrees at heal 

strike. Apart from this anglet as expected. no other 

angular ankle movement was observed. Uith the SACH foot, 

only a small amou6t (about 50) of an-gular ankle movement 

was observed. The knee flexion during stance phase an 
the prosthetic side was approximately half that of the 

sound side. Howeverg three amputees were found to have 
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their flexion increased when they used the Uniaxinj foot, 
0 The increase was approximately 6" These throv amputees 

showed a prorerence for the Unioxial foot. The hip 

angles on the prosthetic side showed loss oxtonsion than 

an the sound side. Comparison between SACH and Uniaxial 

foot showed no significant differanco In tho hip angles, 

Figure 7.4.2(f) shows the typical anglo-tima 
diagram of an above-kneo amputee. The ankle, knee and 
hip angles for the sound limb have generally the some 
features as those of the normal subject. However all 
angles of mid-stanco are lower, particularly at the knee 

level. This is probably due to "vaultingn, On the 

prosthetic sidep the knee flexion angles show signifi- 

cant-differences. There is. no knee flexion during stance 

phase# the prosthetic knee being fully extended and 
locked. Comparison between the SACH and the Uninxial 

feet showed no significant difference in the anglo-time 
diagrams of the above-knee amputees, except for the 

angular ankle movement an the prosthetic sidep as 
discussed In the below-kneo amputees' analysis, 

. Figure 7.4.2(g) shows the knoe-hip angle-angle 
diagrams of the normal subject. The heal strike position 
is indicated in the figure as "HS" and following the 

arrow in a clockwise fashion, the knee flexion during 

stance-is immediately evident. This knee flexion not 
only maintains the smoothness of gait but it also helps 
in shock absorption during impact. The knee then begins 
to extend as does the hip. The knee and hip are fully 

extended during late stance prior to too-off, 

During swing phase the hip and knee joints flax to 

carry the whole limb forward, As the suinging limb 

passes through mid-swing, the knee reaches Its maximum 
flexion with the hip still flexingg after which the limb 
decelerates and the knee extends to brake the forward 
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falling body at hoel striko. 

Figure 7.4.2(h) shows a typical anglo-anglo diagram 

or the below-knea amputee. The sound side showad a similar 

pattern to that of the normal subject. The prosthatic sido 

showed a significant difference in the knee fluxion during 

stance phase, in that it is lower than that rocordad on 
the sound sidep being approximately 12 0 lower, This 

meant that the sound knee on the prosthetic side Is not 
flexed enough to provide adequate shock absorption, 

although it should be noticed that the prosthetic foot 

has the requisite mechanism to compensate for this 

inadequacy. It was also observed that the late swing and 

early stance loop in the prosthetic side are different 

from those of the sound side. This suggests that tho 

knee and hip joint motions are not as coordinated as those 

of the sound sidep which may be due to weak muscular 

control in the 
' 
knee because of amputation. Comparison of 

SACH foot and Uniaxial foot revealed that the latter 

produces ahigher knee flexion during stance, approximately 

60, in three of the six below-; knee amputees. This slight 

difference is within the range of scatter, therefore It 

may not be significant. 

Figure 7.4.2(1) shows a typical angle-angle diagram 

of the above-knee amputee. The knee-hip diagram of the 

sound side is an average much smaller than that or the 

normal subject, although the general feature Is similar. 
The smaller magnitude in knee and hip flexion-extension 

is due to the amputee taking a shorter swing and a longer 

stance with the sound limb. Comparison between SACH and 
Uniaxial feet shows no significant difference. During 

stance phase no knee flexion is present at all. This is 

characteristic of all prosthetic'limbs with a knee 

mechanism that has no provision for flexion during stance 
(i. e. stabillsed knee unit). As the knee unit does not 
flext the amputee is dependent on the hool of the 
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prosthetic foot to provide shock absorptiong although 
some of the in-pact would undoubtedly be transmitted 
through to the stump. With the knee unit locked, the 

prosthetic limb pivots about the ankle joint of the 
Uniaxial foot or rolls over on the SACH foot'. Thu 

prosthetic knee unit will begin to flax when the hip 
flexes prior to too-off. The higher knee fluxion on the 

prosthetic side is due to the long swing phase taken by 
the amputee. Comparison between the SACH foot and the 
Uniaxial f 00t showed no signif icant dif f erence. The 

slight variation in magnitude is within the scatter 
range recorded. 

7.5. Force Plate Results 

7.5.1. Ground Reaction Data 

Figure 7.5.1(a) shows the ground reaction data of 

a normal subject. The figure consists of the left and 

right force plate data obtained simultaneously* Alto- 

gether twelve sets of results are presented. The shapes 

of the curves are consistent with those reported by other 
investigators e. g. Cunningham (19SO) and Paul (1967). 

The scatter in the fare and aft shear (Fx) was observed 
to be in the region of 175 (measured at the maximum 

values)t for the'vertical force (Fy) It Is 6% and the 

lateral force (Fz) is approximately 39 percent. This 

range of scatter compared more favourably than that 

presented by Cunningham (1950)9 his results showed 

scatter of about 30% for Fx and-Fy, and 60', *' for Fz. 

This larger scatter could be due to the less precise 
instrumentation used. The generally larger scatter of Fz 

is because the values obtained are very much lower. 

The normal individual was tested on the same day 

twelve times. The source of scatter is from step to stop 

variqtion. This comes in the form of different walking 
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Left Leg Right Leg 

Average 
Values in Percent of Average 

Values in Percent of 
Newtons 

(il S. D. ) 
body 

Weight M Newtons 
(+l S. D. ) 

body 
Weight 

FX-Max. 122t7(10.9) 19 142.3(12.1) 22 

-Min. -143.4(14.8) 22 -130.2(7.8) 20 

FY-lst Peak 797.1(23.9) 124 782.2(18.0) 122 
Dip 439.2(24.7) 69 459.4(19.8) 72 

2nd Peak 802.4(20.7 125 779.4(18.2) 122 

FZ-Max 51.0(9.9) 8 -46.5(8.6) 7 

Table 7.5.1(a) Maximum and Minimum Forces 

of Normal Subject 
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speeds and stop lengths, both of which are vary difficult 

to control accurately without affactinq each othor and 

also other physiological and psychologicni parameters, 

The shapes of the three orthogonal forcos recorded 
for the contralateral sides are similnrg although the 

magnitudes are slightly different. Table 7.5.1(a) shows 
the average maximum and minimum values of those forces 

for the tidelve test runs. 

Figure 7.5.1(b) shows typical ground reaction data 

of a balow-knee amputee. The shapos of tho three 

orthogonal forces on the sound limb are similar to those 

of the normal subject. Howeverg the mngnitudo In torms 

of percentage body weight is different. Table 7.5.1(b) 

shows the average maximum and minimum values of the 

ground reactions of the six below-knee amputees. 

Altogether 40 test walks were analysed. 

The maximum Fx for the sound limb with either the 

SACH or Uniaxial foot is larger than that of the normal 

subject. This could be due to the compensatory action of 

the sound limb to overcome the deficient prosthetic ankle 
in order to maintain an approximately similar walking 

speed as that of the normal subject. The magnitudes of 
the fore and aft shear (Fx) on the prosthetic side are very 

much lower than those of the sound limb. The low 6ositive 

value at late stance is an indication of the reduced 

push-of f due to the absence of active plantar-f lexion. The 

shape of the Fx curves during mid-stance is significantly 
different between the sound and prosthetic limbs. The 

sound limb, like that of the normal subject, transfers 

the weight from the heel to the ball of the-foot 

continuously and 6moothly. Howevort an the prosthetic 

side, the transition is neither continuous nor smooth. 
Comparison between SACH and Uniaxial foot showed Oslightly 
different pattern of Fx at this transitional period as well, 
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suggesting that the working mechanism of both foot durinj 
this period is different. The abrupt tran3ition or the 
Uniaxial foot is due to the initial ro3traininj action 
of the dorsi-flexion stop. With the SACH footp due to 
the rigid 3nkle and rocker-shaped wooden keel, the 
transition Is slightly smoother. The avorale dirforenca 
in Fx during this transition period between the SACH and 
Uniaxial feet is relatively small, approximately 15N, 
None of the below-knea amputees made any comment relating 
to this event; apparently the magnitude of the force is 
insignificant. 

The magnitudes of the vertical force (Fy) on the 

prosthetic side are lower than those of the sound side. 
Comparison between SACH and Uniaxial foot showed that 

with the latter. the forces are more evenly distributed 
between the sound and prosthetic limbs. Results obtained 
from two other below-knee amputees showed a third peak 
during mid-stance on the prosthetic side with the SACH 
foot. The magnitude of this additional peak Is about 
85" body-weight. These two amputees had previously is 
expressed that "roll-over" with Uniaxial foot was slightly 
better than with the SACH foot. 

The lateral shear (Fz) of the sound limb is slightly 
larger than that of the normal subject. The difference 
is not significant when compared with the range of 
scatter recorded for this variable. On the prosthetic 
sidep the Fz value is similar to that of the normal 

subject. A comparison between SACH and Unlaxial foot, 

as expectedv showed no significant changes in the Fz 

of both the sound and prosthetic limb. 

Figure 7.5.1(c) shows the typical ground reaction 
data of an above-knee amputee. The shapes and magnitudes 
of the three othrogonal forces of both the sound and 
prosthetic limbs are different from those of the normal 
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Sound Leg Prosthetic Log 

SACH Uniaxial SACH Uniaxial 

FX - Max 27.5 26.0 13.2 13.8 

- Min - 22.3 20.7 16.5 18.8 

FY - lst, Peak 134.5 132.5 123.5 129.2 

- Dip 69.3 69.7 75.3 73.8 

- 2nd Peak 117.3 115.2 104.8 106.0 

FZ - Max 10.2 9.2 8.3 8.2 

All values are in percent of body weight 

Table 7.5.1(b) Average maximum and minimum forces 

of six below-knee amputees 
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subject. Table 7.5.1(d) shows the average maximum and 
minimum mangitudes of the qround reactions of five above- 
knee amputees. Altogethor 56 test walks were analyead, 

The fore and aft shear (Fx) on the sound side shows 

an initial spike. This occurs just before foot rlat at 
0.04s. The reason for this spike is not clear. No 

unusual feature was observed from the kinematic data 
during týis period. The Fx magnitudes of the sound limb 

are fairly similar to those of the normal subject. 
Comparison between SACH and Uniaxial foot showed no 

significant difference. 

The vertical force (Fy) of the sound limb also 

shows a spike on the rise. curve similar to that 

being described in the Fx curve. The slower walking 

speed and longer stance phase on the sound limb of the 

above-knee amputee produce a trough not as deep as that 

of the normal subject. approximately 10113 of body weight 
higher. Another outstanding feature In the Fy curve of 
the sound limb that is significantly different from the 

normal subject, is the additional oeak during mid-stance. 
This is due to the elevation of the centre of gravity of 
the body througtf "vaulting". This action Is usually 

performed to compensate for the absence of knee and 

ankle control on the prosthetic side, to give sufficient 

clearan * ce- for the prosthetic limb to swing through 

without stubbing the toe, although, with oraner alignment 

of the prosthesis sufficient clearance can be achieved 

without these deviations. However, amputees have benn 

found to have this deviation in their gait out of habit 

and a feeling of insecurlty. Comparison between the SACH 

and Uniaxial foot shows no significant difference. The 

shapes of these curves are different from. those of the 

below-knee amputee. This is because the below-knee 

amputee still has the use of the intact knee to allow the 

prosthesis to perform in a fashion similar to that of the 
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normal limb. 

Comparison between SACH and Uniaxiol foot shows 
distinct differences in the Fy curvess althnuah the SACH 
foot shows the typical two peaks of the "normal" Fy 

curvet the second peak tends to be spread broadly over 
late stance. This is due to the rolling action provided 
by the ball of the SACH foot as the amputee rolls over 

with the fully extended prosthesis. The Uninxial foot 

also shows two peaks in the Fy curve, except that the 

second peak occurs soon after mid-stance and then drops 
down to a stop before the final decline. This could be 

due to the dorsiflexion stop being too stiff for the 

above-knee amputees, therefore resisting dorsiflexion and 
forcing heel rise to occur sooner than required. This 

then leads to an earlier roll over on the ball of the 

Uniaxial foott thus producing the second peak soon after 

mid-stance. At late stance, the prosthetic knee Is still 
fully extended and lockedq therefore the foot Is still 
loaded as evident from the Fy curve. 

The design of the distal section or the Uniaxial 

foot. is different from that of the SACH foot. The 

Uniaxial foot does not seem to have the rocker-typo shapeo 

and furthermoret the wooden keel is much shorter at the 

distal sectiont see Figure 5.2(b). Therefore, unless the 

dorsiflexion stop functions properlyp the shape of the 

distal section of the Uniaxial foot could be part of the 

reason for the lack of smoothness in the curve. 
Unfortunately, the stiffness of the dorsiflexion stop In 

the type of Uniaxial foot used in the experiments cannot 
be changed. One method or overcoming the problem Is to 

change the alignment of the prosthesis. Howeverv there Is 

a limit in makin-g alignment adjustment. Only In one 

case, was it possible to give a satisfactory result 
through alignment changes. A typical two-peak Fy curve 

was obtained, in which the amputee subject commented that 
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Sound Leg Prosthetic leg 

SACH Uniaxial SACH Uniaxial 

FX - Max 23.2 20.6 10.8 11.6 

Min. 22.0 24.0 9.4 9.8 

FY - lst Peak 128.4 128.8 104.6 105.0 

Min. Dip 79.6 81.0 87.2 85.6 

2nd Peak 87.4 86.5 96.2 100.6 

3rd Peak 117.2 116.6 - - 

FZ - Max. 9.0 9.8 8.4 9.2 

All Values are in percent of body weight 

Table 7.5.1(c) Average maximum and minimum forces 

of five above-knee amputees 
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the roll-ovor was slightly batter than that or the SACH 
root. 

It seems therefore that provision must bo made for 

the selection of a suitable stiffnos3 of dorsifluxion 

stop in the Uniaxial foots especially when proscribing 
for above-knee amputees. Furthermore, the distal section 

of the Uniaxial foot may require roconsidaration. 

The lateral shear (Fz) an the sound limb has 

similar maximum magnitudes to those of the bolow-knoo 

amputees' sound limbq except that the shape is slightly 
different. Almost the same amount of Fz is applied 
throughout the stance phase. The shapo of the Fz curve 

on the prosthetic side is also different. It Is more 

rounded and reaches its maximum magnitude at about mid- 

stance. A comparison between SACH and Uniaxial feet 

shows no significant difforence in the Fz of both the 

sound and prosthetic limbs. 

The magnitudes of the fore and aft shear (Fx) and 

also the vertical force (Fy) on the prosthetic sida are 

very much lower than those of the below-knee amputees' 

prosthetic limb. This is due to the slower speed of 

walking of the above-knee amputees and also the generally 
lower inertial effects of their prostheses, 

The Fx curves an the prosthetic side are similar 
in shape to those of the below-knee amputees' 

prosthetic limb. The lower magnitude in the braking 

force is dueto the reasons given above as well as the 

low deceleration of the prosthesis when it makes contact 

with the ground. Comparison between the SACH and Uniaxial 

feet revealed th& same difference iound in the Fx curve 

of the below-knee amputees' prosthetic side. 
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7.5.2. Centre of Pressure Plots 

Figure 7.5.2(a) shows the traces of the contro of 
pressure recorded for a normal subject. All the lines 

shown are within the specified boundary of the force 

plates for accurate recording of the ground reactions. 

The length of the contra of pressure line Is 

dependent upon the length of the foot and also the mnnnor 
in which the subject uses his foot during walking. For 

the normal subject tested, the length of the contra of 

pressure line of the left foot was 27.1cm (+0.4) and of 
the right footp it was 26.2cm (10.9). It 1; difficult 

however to quantify the centre of pressure by 

looking at its displacement display only. Another method 

used in describing the centre of pressure is by displace- 

ment-time diagram. 

Figure 7.5.2(b) shows the displacement-time plot or 
the centre of pressure of the normal subject. The origin 

of the diagran, was chosen to be at the mean of the contra 

of pressure points because It is a much more consistent 

position. Furthermoret only the absolute displacements 

of the centre of pressure points relative to the origin 

are plotted. In doing this, the plot gives a charac- 
terisitc shapet like that of the alphabet letter "V". 

It is also-recognised that in choosing the origing the 

time axis has to be re-organised. A time index Is used 
in place of the real time scale and a negative time index 

stands for a time and position before the origin. The 

vertical axis Of the diagram is normalised in terms of 
the length of the centre of pressure line. 

The shapes of the curves an both legs of the normal 

subject are fairly similar. The left hand slope of tho 

curve represents the rate at uhich the C. P. points 

progress towards the origin, while the right hand slope 



288 ' 

Norma_l Subject (NS001) 
0% 

TIME INDEX 

f% 

a- 

TIME INDEX 
Figure 7.5.2(b) "V" Plots of the Normal Subject 



289a 

A 0% &1 ---4*A 

SACH Foot 

Unlaxial Fact 

Time Index 

Dalow-knoo SubjOct (DROV2) 

*A -- 

0% 

Figuro 7.5.2(c) TypiczI "V" plot's of Below-knee Amputee 



gives the rate at which the C. P. points travel away from 
the origin. Note that the centre of pressure points 
only progress when the 6ady is moving forward during 

stance phase. Thereforep further -description or the 

centre or pressure progression Is with reference to the 

moving root. 

For the normal subject, the centro of pressure 
initially progresses at about 6 units/s (i. e. 6 times the 
length of the centre of pressure length per second) 
towards the origin until foot-flat. Then the progression 

slows down to 1.5 units/s for about 0.08s before rising 
to 3 units/s towards the origin. The centre of pressure 
then travels away from the origin at a rate or 3 units/s. 

Figure 7.5.2(c) shows the typical "V" plots of a 
below-knee amputee. For the sound limb, the rate of 
progression of 

* 
the C. P. towards the origin Is 4,5 units/s. 

Unlike the pattern of the normal individual, there is no 
slowing down of the progression. However, as it moves 
away from the origing the rate of progression slows down 
to 0.8 unit/s. As it posses over the ball of the foot$ 

the rate of progression rises to 6 units/s towards toe- 

off. The slowing down of the progression over the ball 

of the foot on the sound side is to allow the amputee to 

achieve control an the prosthetic side during early 
stance. Comparison of the SACH and Uniaxial feet shows 
no significant difference. 

The "VII plots on the prosthetic side show a Signif J_ 
cant difference between the SACH and the Uniaxial foot. 
The rate of progression towards the origin with the SACH 

foot is 4.5 units/sI this drops to 1.7 unit/s for 0.04 s 
and then proceeds again at 4.5 units/s towards the origin. 
As for the Uniaxial foot, it progresses at 4.5 units/s 
to foot-flat and then drops to 0.3 unit/s for 0.12s 
before finally rising to 7.2 units/s towards the origin, 

289 
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The slowing down of the rate of progression to such a 
low value is due to the pivoting of the prosthetic limb 

about the hinge joint before it comes Into contact with 
the dorsiflexion stop, 

The rate of progression away from the origin Is 

similar for the two prosthetic footj moving gradually 

over the ball of the foot at 1.0 unit/s before rising 
to 4.7*units/s towards too-off. 

Figure 7.5.2(d) shows the typical "V" curves of the 

above-knee amputee. The rate of progression or the sound 
limb towards the origin is similar to that of the sound 
side of the below-knee amputee. However, the above-knee 
amputee moves away from the origin at a vary low rate; 
(3.1 unit/s for 0.35 s before rising to 2.7 units/s 
towards toe-off. This long period of low progression 

rate is due to the vaulting action of the amputee during 

stance phase. Comparison between the SACH and Uniaxial 

feat shows no significant difference. 

The "V" plats of the prosthetic side again show 

similar differences to those observed in the case of the 
below-knee amputee. The slowing down period on both 

prosthetic feet is slightly longer than that recorded 
for the below-knee amputee. This i's because the above- 
knee amputee walks with a slower speed. 

7.5.3. Force Vector Dianrans 

Figure 7.5.3. (a) shows a typical force vector or 
"Butterfly" diagram in the sagittal plane of the left leg 

of a normal subject and Figure 7.5.3(b) shows the cor- 

responding force vector diagram in the X-Z plane. The 

wide scatter range in Fz, which was discussed previously, 

was also manifested in this X-Z plane force vector 
diagr: am. Howeverg in the normal it showed a consistent 
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trend of two peakst one Ot fOot-flat and the othor at 
push-off. 

Figure 7.5.3(c) shows the typical force vector 
diagram in the X-Y plane of the sound limb of a below- 
knee amputee. In this particular instance the amputee 
is wearing a Uniaxial foot. However, the pattern of the 

sound limb is sinilar whether the SACH or Uninxial foot 
is use*d. 

The diagram shows clearly the typical two peaks of 
the Fy-time curve. Unlike the nornal subject, the below- 
knee amputee does not slow down his rate of progressinn 

of the C. P. points after foot-flat. The force vectors 

move with fairly evenly spaced intervals until about 

heel-rise. At this pointv the foot slows down slightly 
to got over the ball of the foot for the push off, 

Figure 7.5.3(d) shows the typical X-Y plane force 

vector diagram of the prosthetic limb with a Uniaxial 

foot for a below-knee amputee. Like the natural foot, 

the Uniaxial foot goes to foot flat at the first peak 

vector of the diagram, after which, the rate of progres- 

sion slows down for the next four force vectors. This is 
due to the prosthetic limb pivoting freely about the 

hinge joint as it moves forward. In doing sog the load 
is transmitted through the joint and therefore the C, P. 

points are fairly close together. Houeverv when the 

dorsiflexion stop comes into play, the force vector moves 
very rapidly forward. As it doqs the vector angulates in 

the anticlockwise direction instead of following the 

normal trend. This event is clearly shown in the Fx-tin. e 

plot, see Figure 7.5.1(c). The relative change of 

angU 1 ation in the-force vectors is ýery small, therefore 

the below-knee amputee would hardly notice the effects. 

Figure 7.5.3(e) shows the typical X-Y plane force 

vecto'r diagram of the prosthetic limb with a SACH foot, 

0 
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for a below-knee amputee. Unlike that of the Uniaxial 
foot, the force vector of the SAN foot progrossos with 
an even pace until about heol-riso. It is noticeable 
that the foot-flat position is achieved vary much latur 

with the SACH footp approximately at mid-stanco, and not 
with the first peak vector. The first peak vector in 
the SACH foot is associated with the complate compression 
of the heal cushion during early stancet therefore# the 

whole of the body weight is transferred to the prosthetic 
log before foot-flat. This then poses the question or 

whether stability is impaired by the situation, In order 
to answer the question, the momants about the joint 

centres have to be considered. 

The late stance pattern of both the SACH and the 

Uniaxial feet is similar. This is because the intact 

knee of the below-knee amputee is capable of controllinj 
the roll-over and toe-off events with eitherorosthetic 
foot, even though the construction of the distal section 

of both feet is different. 

Figure 7.5.3(f) shows the typical X-Y plane force 

vector diagram of the sound limb of an above-knoo amputee, 
The different prosthetic foot has no effect an the 

pattern of the sound limb. 

The diagram shows that the first peak vecto: occurs 

at foot-flatp a pattern similar to thatof the normal 

subject. However, the rate of progression does not slow 
down until heel-rise. The first heel-rise (HR) Is 

associated with vaulting and with it is the additional 

peak vector. Througout this event the progression of the 

force vector is considerably slowed down. Apparently the 

amputee is standing on the ball of his foot during trils 

period. The second and ultimate heel rise (HRO) Is 

towards toe-off. 
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Figure 7.5.3(g) shows the typical X-Y plano, forco 

vector diagram, of the prosthetic limb with a Uniaxial 
foottforan above-knee amputee. The foot-flat position 
occurstwith the first peak vector similar to that of 
the below-knee amputee with a. Unioxi'al foot, after which 
the progression force vector slows down, representing 
the free pivoting of the prosthetic limb about the hinge 
joint. Howevert it then rapidly moves to heel rise and 
to the second peak vector. Now the force vector progrosýos 
slowly about the ball of the foot maintaining a magnitude 
of about 80 percent body weight for a substantial amount 
of late stance. This apparently Is duo to the stiff 
dorsiflexion stop which forces an early heal rise and 

also the construction of the distal section or the 

Uniaxial foot which causes a delay in too-off. The 

absence of the natural knee and ankle makes It difficult 

for the above-knee amputee to control these movements. 

Figure 7.5.3(h) shows the typical X-Y plane force 

vector diagramoof the prosthetic limb with a SACH foot9of 

an above-knee amputee. The first part of the diagram Is 
fairly similar to that of the below-knee amputee with a 
SACH foot. The first peak vector occurs well before the 

foot-flat event. Againt the stability during this 

period is questionable. The force vector then proceeds 
fairly rapidly to foot flat and heel-rise. After heel- 

rise the vector moves extremely slowly over the ball of 
the foot at fairly consistent magnitude of 801 of body 

weight. This must be due to the rolling action designed 

into the distal section of the SACH foot. 

7.6. Kinetic Results 

Intersenmental Moments 

Figure*7.6.1(a), (b) and (c) show the moments about 
the three principal axes at the ankle, knee and hip 
joints of the contralateral sides of the normal subject. 
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The results obtained were useful in verifying the 

measuring system and the analytical procedure. The 

graphs shown were similar to those presented by other 
investigatorst such as Greslor and Frankel (1951) and 
Paul (1970). The results were also useful in chocking 
the repeatability of the system, the details or which 

werediscussed in Section 7.1.4. 

The hip moments about the three principal axes on 
the left and right legs were found to be highly symmutri- 
cal. The ankle and knee Mz moments and the knee 

' 
Mx 

moments were also observed to be symmetrical. The ankle 
MX moments were found to be different on the left and 
right legs. This difference was noticed to be consistent 
and therefore would be unlikely to be caused by errors 
in the measuring system. The magnitudes of the left 
ankle Mx moments are fairly smal. 19 hence the left foot is 

not greatly subjected to M/L movemqnt. The magnitudes or 
the right ankle Mx moments are negative throughout stance 

phase, these moments tending to evert the right foot. 

The ankle and knee My moments were found to be 

dif f erent on the left and right logs as well, Again, the 

differences were shown to be consistent. During early 

stance the ankle My moment on the left leg tends to 

rotate the foot medially with a magpitude of about 5.5 Nm, 

while the right My moment tends to rotate the foot 

laterally with a mpgnitude of about 2.5 Nm. During late 

stance, howeverg the directions of the ankle My moments 

an both legs were the same, i. e., tending to rotate the 
foot laterally, although the magnitudes were different. 

The average maximum left ankle My moment is 6.5 Nml while 
that Of the rightý is 14.4 Mm. The direction of the knee 

i -qy r , loments on both legs was completdly opposites although 
the average maximum values are similar, i. e. 6 Nn. 
Cunningham (1952) had shown that in one no&-mal subject, 
the ankle My moments were very variable an the contra- 
lateral sides as well as on the same leg. Therefore, the 
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reason for the differences observed could be normal 
variability. 

These "normal" results could bo usod as a ronsonable 
standard of comparison whon considoring tho rosults 
obtained for amputeo subjects. 

Figure 7.6.1(d)t (a) and (f) show the typical 

momentd about the three principal axas at the anklop knoo 
and hip joints of the contralateral sides or tho balow- 
knee amputee. 

The ankle, knee and hip moments about the X and Z 

axes on the sound limb were found to be similar to those 

of the normal subject. The ankle and knee My moments 

were significantly different. This could be due to the 

prosthetic gait but in any case the magnitudes involved 

are very small. The hip My moment was found to be 

fairly similar to that of the normal subject. Comparison 

between the SACH and the Uniaxial fact showed no signi- 
ficant difference in the moments at the joints of the 

sound limb. 

The ankle and knee Mx moments an the prosthetic 

side were observed to be different from those of the 

sound side. The magnitudes of the Rnee Mx moments were 

much smaller this must be due to the alignment of the 

prosthesis. The prosthetic foot was always sat slightly 

on the lateral side relative to the knee joint. The 

negative ankle Mx moments tend to evert the prosthetic 
footp however the magnitude recorded Is fairly small. 

fjote that both prosthetic feet had been shown to have a 

small amount of medio-lateral movement 9 see Section 

5.2.1. A comparison between the SACH and the Uninxial 

foot showed no significant difference in the Mx moments 

on the prosthetic side. No indication of I/L instability 

with the SACH foot was observed. This "instability" was 
previously suggested by the delayed foot flat event with 
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the SACH foot. It could be that the sound limb has 
componsated and provided stability to the prosthetic 
side during double support. The hip Mx moment on the 
prosthetic side was found to be similar to that of the 
sound side. 

The My moment at the three joints on the pros- 
thetic side was found to be similar to that of the 
sound side, although the magnitudes of the ankle and 
knee moments were generally lower and the hip moments 
were higher. Comparison between the SACH and the 
Uniaxial foot showed no significant difference in the 
My moments on the prosthetic side. This was as expected, 
since the design of the SACH and Unlaxial foot do not 
have any provision for axial rotation. 

The Mz moments on the sound side ware found to be 
similar to those of the normal and comparison between the 
SACH and Unlaxial feet showed no significant difference. 

The shapes of the 1qz moments on the prosthetic side 
were found to be similar to those of the sound side. Thg 

magnitudes of the hip Mz moments were also found to be 

similar, however the magnitudes of the ankle and knee Mz 

moments were generally lowerv except for the ankle 
moments during early stance phase. 

The ankle Mz moment during early stance tends to 

plantar flex the foot. The magnitude of this moment on 
the prosthetic side is about 1.5 times higher than that 

of the sound side. It was also noted that the magnitude 
with the Uniaxial foot is higher than that of the SACH 

foot by 27'0'01. The reason for this could be due to the 
defined ankle position of the Uniaxial foot being 1.5cm, 
forward (rela 

, 
tive to the heel) when compared with the 

SACH foot. The low positive ankle Mx moments during late 

, tance could be attributed to the lack of push off In 
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the prosthetic limb. 

The lower knee Mz moments on the prosthetic side 
suggest that although the knee Is still intnct Wdoes 

not have the same range of movement as that or the sound 
side during stance phase. 

Figure 7.6.1 (g), (h) and M show the moments 
about the*three principal axes at the ankles knee and 
hip joints on the contralateral sides of the above-kneo 
amputee. 

The ankle, knee and hip Mx moments on the sound 

side are fairly similar to those of the below-knee 

amputee, except that the hip moment shows the character- 
istic three peaks of the corresponding Fy forces, the 
mid-peak being caused by "vaulting". The hip Mx moments 
an the prosthetic side during stance also reflect the 
corresponding Fy forces. Note that the curves are 
different for the SACH and Uniaxial foot. this being due 
to the different Fy force pattern reported previously. 
The ankle and knee Mx moments on the prosthetic side are 
fairly similar to those of the belou-knee amputee. No 
indi*Cation of instability was observed, as suggested by 
the delayed foot flat of the SACH foot. A comparison 
betueen the SACH and the Uniaxial foot showed no 
significant difference. Any difference in magnitude Is 

within'the range of scatter. 

The directions in which the My moments tend to 

rotate the segments on the sound leg are similar to those 

of the normal subject's left leg. On the prosthetic side, 
the My moments tend to rotate the segments In a similar 
direction to that_of the belou-knoe-amPutce, As expectedp 
no significant difference was found when comparino the 
SACH and Jniaxial foot, since no axial rotation is 

available in either prostheses. 
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The Mz moments on the sound side arc sliqhtly 
different from those of the notmal. The ankle and knee 
Mz moments show an additional peak durinq the mid-stance 
period. This could be due to the "vaulting" action, 
The hip Mz moments show very low values during this 

event. A comparison between the SACH and Uniaxial foot 
shows no significant difference. 

I The ankle Mz moments on the Prosthetic side are 
different from those of the sound side. The planter- 
flexion moments during early stance are greater in 

magnitude. This is due to the absence of muscular 
control at the prosthetic ankle joint. The positive 
ankle Mz moments are lower because of the lack of push- 
off. ' The knee Mz moments s. how absolutely no flexion 

moments during stance. This is because the prosthetic 
knee un it used has no means of active control to provide 
stability, such as the Blatchford Stabilised Knee Unit. 
The knee unit therefore has to be set back, relative to 
the axis of the foot bolt to provide A/P stability during 

stance phase. The low magnitude of the hip flexion 

moment during early stance is an indication of the weaker 
muscular control in the stump when compared with that of 
the sound limb. A comparison between the SACH and the 
Uniaxial foot shows that the shape of the positive ankle 
Mz moment is different. The rounded curve of the SACH 
foot reflects the ttsmooth roll-over" pattern described 

earlier. While the two peak curve of the Uniaxial foot 

suggests difficulty in "roll-over", although the 

amplitude recorded is fairly small. Howeverv there is 

one exception, it shows a "smooth roll-over" with the 
Uniaxial foot. It is therefore indicative that the 

alignment Of the prosthesis and/or the stiffness of the 
dorsiflexion stop have to be cr-itically adjusted to 

give a "smooth roll-over" during pushýoff. 

No other significant difference was observed in the 
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Mz moments on the prosthetic sido when comparinj the 
SACH and Uniaxial fact. Any difforence in maqnltudý., In 

within the range of scatter. 

7.6.2. Instantaneous Encroy Levels 

Figure 7.6.2(a) and (b) show the instantonuous 

energy levels of the left and right legs of the normal 
subject respectively. The instantaneous energy level in 
the summation of the potential and kinetic energies. 
Results from both legs are fairly similar In shape and 
magnitude. 

The fluctuation in magnitude of the energy levels 

of each segment throughout the walking cycle are 

dependent on the height of the segment and the linear and 

angular velocities of the segment. The magnitude of the 

energy level is also directly proportional to the mass 

c)f the segment. The foot thereforeq being relatively 

lighter and nearer to the ground has the lowest energy 
level . 

The maximum instantaneous energy level of each 

segment occurs in the swing phase just after too-ofr at 

maximum heel rise. This high magnitude is a combination 

of the increased elevation of the sbgment and Its high 

velocity. Between foot-flat and heel-rise, the velocity 

of the segment is very low. Therefore the Instantaneous 

energy levels during this period are of fectively the 

potential energy of the segment: i the magnitude of which 

can be regarded as being the baseline instantaneous 

energy level of that segment. 

It can be seen from the figure that the energy 
level of the thigh drops approximately to Its baselina 

value at late swing phase, prior to heel strike. This 

is bepause thethigh at this point is fully flexed and 
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therefore has very low velocity. 

The instantaneous energy level of the whole lel is 

obtained by summing up the energy levels of the salm"ntn. 
The work done by the whole leg per walkinq cycle can be 
calculated from the summation of the absolute energy 
changes over the walking cycle. The average result (with 

+I S. D. ) obtained for the left leg of the normal subject 
is 92.6 joules Q8.6) and for the right It is 96.6 joules 
(±5.4), see Table 7.6(a). 

Figure 7.6.2(c) and (d) show the typical energy 
levels of the sound and prosthetic side of the below- 
knee anputeeg respectively. 

The results of the sound side are similar in shape 
to those of the normal subject. The difference In magni- 
tude is due to the difference in height and waight of 
each subject. 

On the prosthetic side however the magnitudes 

obtained for the prosthetic shank are much lower than 
those of the sound shank. This is due to the mass of the 

prosthesis being lower and also due to the fact that the 

centre of mass is nearer to the ground. The -magnitudes 
and shape of thethigh energy levels on the prostshetic 
side are fairly similar to those of the sound side. A 

comparison between the SACH and the Uniaxial foot shows 
no significant difference In the results of the 

prosthetic side nor in thoseof the sound side. 

The average work done by the sound and prosthetic 
logs per walking ý: ycle is as shown in Table 7.5.2(a). The 

results of the sound leg show a higher average work done 

per walking cycle than those of the prosthetic side. 
Furthermore, the uork done per walking cycle uith the 
Uniaxial foot is slightly higher than tho SACH foot. 
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However, the range of scatter recorded Is too groat to 

show any significance in the differences obtainod. 

Figure 7.6.2(e) and (f) show'the typical onargy 
levels of the sound and prosthetic sides of tho obova- 
knee amputee. 

The results from the sound side are similar In 

shape to those of the normal subject. Thu difference In 

magnitude is due to the height and ucight of both 

subjects. 

On the prosthetic side, the shapes and Magnitudes 
of the energy levels are very different from those of 
the sound limb. The lower baseline values of the limb 

segments are due to the lower mass of the prosthesis and 
also due to the centre of mass being closer to the ground. 
The velocities-of the prosthetic segments during swing 
phase are also fairly low. These are reflected in the 

energy levels of the segments. A comparison between the 
SACH and Uniaxial feet show no significant difference in 
the results of the prosthetic or those of the sound side. 

The average work done by the sound and prosthetic 
limbs per walking cycle is as shown in Table 7.6.2(a). 
The results on the sound side show a higher value than 
those of the prosthetic side. On comparing the SACH and 
Uniaxial footq no significant difference was observed. 

Results from the normal subject show relatively 

similar values of work done by theleft and right legs 

over the walking cycle. The work done by the log an the 

prosthetic side of the below-knpe aTputees over the 

walking cycle is 20 percent lower than that of the sound 
limb. For th6 above-knee amputees the work done per 
walking cycle on the prosthetic limb is 40 percent lower 

than that of the sound limb. The lower VOlues recorded 
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Work dono by 
log por walking 

Sound Side Prosthetic Side 
l ) l (J ou os cyc o 

Moon 
(11 S. D. ) SACH Uniaxial, SACH Uniaxial 

I 

Below-Knoo 100.0 105.8 76.6 85.9 
Amputees (25.0) (30.0) (21.6) (16.0) 

Abovo-Kpoo 75.1 79.4 45.2 43.8 
Amputees (16.3) (17.3) (4.6) (5.32) 

Loft Log Right Leg 

Normal Subject 92.6 96.6 

1 
(8.6) (5.4) 

Table 7.6.2(a) Work Done by leg per Walking Cycle 
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for the prosthetic side arc duo to the rolativoly lower 

mass of the prostheses, as compared to that of the normnl, 
The lower work done per walking cycle obtained for the 

abcve-knoe amputees is duo to the'lowor speed or unlkinq, 
i. e. 1.043 m/s. The bolow-knoo amputees walking at a 
faster speed of 1.36 m/sO fairly close to that of the 

normal subject (i. e. 1.465 M/s), had to do more work 
than the above-knee amputees. 
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CHAPTER b 

Conclusion and Recommendation for Futurn Work 
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Conclusion 

The Otto Back heel bumper stiffness supplied with 
the modular moulded-type Unlaxial foot were found to be 
too soft for most of the patients tested. The heel 
bumpers(of four different stiffnosses) moulded at the 
13joengineering Unit were found to be acceptable to both 

patients and prosthetists. 

The subjective comments of the patients showed 
that among the six below-knee amputees tested* three 

preferred the Uniaxial foot, two preferred the SACH foot 

and one had no specific preference, Among the five above. 
knee amputees tested, three preferred the Uninxial foot 

while the remaining two preferred the SACH foot. No 

general trend of preference was observed between the 

performance of the SACH and Uniaxial fact In the choice 
snade by the patients. However, the preferred prosthetic 
foot tends to correspond to that with which the patient 
is already familiar. 

The Veterans Administration Standards and Specifica. 

tion for prosthetic ankle/foot assemblies was found to 
be inadequate in classifying the heal stiffness of the 
Uniaxial foot. All the rubber bumpers tested ware 
classified merely as being "firm" when clearly they are 
of different stiffnesses. 

The recommended heel stiffness of the SACH foot 

prescribed on the basis of type'of amputation and body 

weight, presented by Radcliffe and Foort (1951), was 
found to be inadequate. For the below-knee amputees 
tested, the medium grade SACH foot u! as preferred even by 

patients whose body weight exceeded that of the rocom- 
mendation. Furthermore, the guide does not make provision 
for amputees who require a soft grade SACH foot. 
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It was observed that for a particular amputoug the 
heel stiffness preferred for the Uniaxial foot was always 
more stiff than that of the preferred SACH foot accord- 
ing to the load versus deformation curve. This could be 
due to the different static load bearing characteristic 
of ibach prosthetic foot. 

The alignment of the prosthesesq whether with the 
SACH oi Uniaxial foot, was found to be within the 
"optimum" alignment range (SACH foot) established In nn 
on-going project in the Bioenginecring Unit. Although 
there were indicative trends of differences in soma of 
the alignment parameters measuredv the stability 
characteristic of the patients was not altered. 

The temporal components of the stance phase for 
the Uniaxial foot were found to be fairly similar to those 

of the normal subject but different from those or the 
SACH foot. Due to the rigid ankles the SACH foot 

requires twice the time taken by the-normal foot, to 

reach foot-flat position. These patterns were consistent 
in both the below and above-knee amputees. 

The plantar-flexion angle during early stance with 
the Uniaxial foot was found to be in the region of 100 to 
150, in both the below-knee and aboýe-knee amputees. 
This is fairly similar to that of the normal subject. 
Only a small amount of angular ankle movement was recorded 

0 an the SACH foott i. e. approximately 5 

The ground to foot vertical force (Fy) on the 

prosthetic side of the above-knee amputee showed diffe- 

rences between the SACH and Uniaxial foot. The "broad" 

second peak of the SACH foot reflects the rockar-shoped 
design of the wooden keel In the SACH footq which allows 
the patient to "roll-over" the ball of the foot fairly 

Smoothly. With the Uniaxial foot, the second peak occurs 
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too soon, this suggests that the dor3iflaxion stop in 
too stiff. Unfortunately, the dorsiflexion stop of tho 

moulded Uniaxial foot used cannot be replaced. Tho 

design of the distal section of the Uninxial foot could 

also have inf luancod the smoothness of the "roll-ovor". 

Only one patient was found to display the usual two-pook 

Fy curve with the Uninxial foot after alignment changas. 

The SACH foot, because of its rockor-shapad kool, 

produces a uniform rate of progression of the contra of 

pressure points as the foot moves from hool-strika to 

too-off (referring to the "Butterfly" diagrams and "V" 

plots). With the Unlaxiol foot. the rate of progression 

slows down during initial foot flat period. This is duo 

to the pivoting effects of the whole body about the 

singlo-exis ankle joint. This event was also observed 
to be present in the normal subjoctj although the duration 

is not as long as that of the Uniaxial foot. 

Kinetic analysis showed no indication of changes 
in the stability characteristics of the prosthetic gait 

whether using the SACH or Unlaxial foot. However# the 

positive ankle Mz moments of the abova-knee amputees 

showed significant differences. The rounded curve of the 

SACH foot reflects the "smooth roll-ovarw pattern 
described earlier* while the two-pabk curve of the 

Uniaxial foot suggests difficulty In "roll-ovor", 

although the amplitude recorded is fairly small. There 

was one exception. The some patient described previously, 

showed a "smooth roll-ovar" uith the Uniaxial foot on the 

positive ankle Mz moments. 

The results obtained show no conclusive evidence 

as to which prosthetic foot is functionally batter for 
the amputee. Looking at foot action only, the Uninxial 

foot seems to resemble the normal foot in function. 

Howev. prp when considering whole body action* tho SAM 
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foot seems to function like that of the normal, Indi- 

cations from both the kinematic and kinetic results 
suggest that with the selection of appropriate hool 

stiffness and proper alignment of the prosthosisp both 

prosthetic feet could be made to function similarly as 
far as whole body kinetics is concerned. This, howovorg 
is only indicative with active amputees, 

Recommendation for Future Work 

The followings are some ideas for future research 
in this area : 

a) A statistical survey on the type of heal stiffness on 
both the SACH and Uniaxial foot prescribed to lower limb 

amputees. The information could be used to revise the 

existing guide proposed by Radcliffe and Foort (1961). 

for the selection of heel cushion stiffness of the SACH 

footq and also provide a now guide for the selection of 

rubber bumper stiffness of the Uniaxial foot. However, 

the measure of heel stiffness should first and foremost 

be standardised. The "revised" guide should include 

selection of heel stiffness an the basis of level of 

amputation, body weight and level of activity of patient. 

b) The Veterans Administration Standards and Spocifica- 

tions for prosthetic ankle/foot assemblies appears to be 

valid for the SACH foot only. The load versus deforma- 

tion criterion used for testing planter flexion is perhaps 

not the correct one. A revision of the current standards 

and specifications may be necessary. The ankle moment 

versus angular displacement may be a more appropriate 

criterion for testing the heel stiff qess. There Is also 

a need to clarify the definition of stiffness level for 

different progthetic feet. This could be done by 

mechanical testing of prosthetic fact and then confirmed 
by subjective comments from patients and prosthetists. 
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APPENDIX (A) 

Determination of Body Segment Paramaters 

Name of Number of Typo of 
Investiqator(s)(Year) Subjects Subject 

Harl9ss (1860) 2 Cadaver 
Meeh (1884) 8 Living 
Braune & Fischer (1889) 3 Cadaver 
Fischer (1901) 1 Cadaver 
Bernstein (1936) 76 Living 
Dempster (1955) 8 Cadaver 
Drillis & Contini (1966) 12 Living 
Clauser et al (1969) 13 Cadaver 
Contini (1972) 9 Living 
Chandler et al (1975) 6 Cadaver 

The coefficients Cl, C2 and C3 obtained from the 

above investigators are presented in the following tables. 

Note that the coefficients C2 and C3 for the foot 

were not derived consistently among the investigators. 

In this projectv only those measured from the lateral 

malleolus were used. The key to the various points of 

measurement for the foot, listed In the tables are as 
follows 

@ Measured from heel; segment length - heel to 

anterior point 
+ Measured from ankle joint; segment length - 

undefined 
Measured from lateral malleolus; segment length 

- lateral malleolus to Sth metatarsar base. 
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Coefficient Cl :- Ratio of body segment mass to total 
body mass 

Thigh Shank & Shank Foot Foot 

Harless 0.1118 0.066 0.0439 0.0103 
Meeh 0.0868 - 0.0468 0.0159 

Braune & Fischer 0.1072 0.065 0.0478 0.0169 
Fischer 0.1158 0.066 0.0527 0.0179 

Bernstein 0.1221 - 0.0465 0,0145 
Dempster 0.0990 0.061 0.0465 0.0145 

Drillis & Contini 0.0946 - 0.042 0.0135 

Clauser et al 0.103 0.058 0.043 0.015 

Contini 0.0859 - 0.0423 0.0120 

Chandler et al 0.1007' 0.0411 0.013 

Mean - 0.1027 0.0632 0.0453 0.0152 

+1 S. D. 0.0119 0.0036 0.0035 0.0019 

Coefficient C2 Ratio of distance between proximal 
joint and centre of mass of segment to 
total segment length 

Thigh Shank & Shank Foot* Foot 

Harless 0.467 0.36 0.462 

Braune & Fischer 0.44 0.519 0.42 0.434 a 

Bernstein 0.386 0.413 

Dempster 0.433 0.433 0.433 0. 5* 

Drillis & Contini 0.410 0.450 0.393 0. 445 

Clauser et al 0.37 0.37 0. 450 

Contini 0.4355 D. 417S 0. 592 + 

Chandler et al 0.3935 0.4175 0. 438 3 

Mean 0.4169 0.4673 0.403 0.50 

+1 S. D. 0.0325 0.0455 0.0260 - 
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Coefficient C3 :- Ratio of radius of gyration to total 

segment longth 

Thigh Shank & 
Foot Shank Foot* 

Braune & Fischer 0.30 0.30 a. -300 
Dempster 0.323 D. 416 D. 3D2 0.475N 

Drillis & Contini 0.23 0.29 0.27 

Contini 0.201 0.334 0.201 - 
Chandler et al 0.322 - 0.292 0.2710 

Mean 0.2912 0.3467 0.2139 0.475 

+1 S. D. 0.0384 0.0639 0.0134 
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APPENDIX (0) 

Bumper Rubber Composition 

The rubber compounds used in manufacturing tho 

plantar bumper of the Uniaxial foot woro supplied by the 

Malaysian Rubber Producers' Research Association. 

The following table shows the compound details and 

properties. The numbers 1 to 6 are as those designated 

by MRPRA as D42/1-6- It was noted that the actual 

hardness of the compounds did not tie up exactly with 
IRHD hardness figure an the t'ablp. MRPRA's explanation 

was that during compounding, small operator differences 

were inherentt e. g. longer rubber mastication times for 

some compounds over others$ thereforet making it very 

difficult to be precise in replicating compounds. 

Compounds D42/1 and D42/2 were supplied at tho very 

late stage of the project, therefore they were not 

-included in the evaluation. 

9 

L1. 
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Parts by weight 
1 2 3 4 6 

36-45 46-5$ UP-63 66-75 7"S 86-9S 

Natural rubber (SMR 5C%jI too too 100 IDO 100 too 
Zinc oxide 3 3 3 3 3 3 
2inc-2-cthYIhcxanoatt I I I I I 

. 
N-990. MT bl3ck 15 
N-762. SRI'. I-%t-NS black 35 50 
N-550, FEF black 63 as to 
wbiting 30 30 70 120 
Reinforcing resin' 10 
Chlorinated wae 5 5 5 
Antidegrzd2ntl 3 3 3 3 3 3 
N-oxydicthylcncbcnio, hiazole-2-sulphc na mid c 2 2 2 2 2 2 
Tetrabutylihiuram disulphide 1-4 1-4 0-7 0.7 0-7 0.7 
Sulphur 0.5 0.3 O-S 0.5 01 0-3 

Mix properties 
J%tooniy scorch, %. 1^. O*C, min 24-5 19-5 21 14 9.5 19.5 
IMonsanto Rheometrr, ISM 

scorch, t,,, min 4-7 3-7 4 2-7 2-2 2-3 
Cute. tt'(90), - min 9.7 8-7 9-2 5-7 3 6-5 

Vulcanizate properties Cure: 20 min at ISVC 
Density, M&W 1-02 1-03 1.29 1-26 1-39 1-42 
Hardness', IRHD 38 48 53 140 83 90 
Tensile strcn; Lh, mr3 236 25-2 19-2 16-0 13-1 10-9 

BS 2494, limits i 'AfPj, min. 20 20 Is Is 

Elongation at break, 00 610 540 330 235 230 
BS 2494, limits *, ',. min. 600 Soo J7$ 250 173 10 

Compression set, 70h at 23'C, 3 4 4 5 5 11 
BS 2494 lipriff; ! ", mix. 10 10 10 Is Is Is 

Cornpicss; on set, 22h at 70'C, 410 12 13 14 13 12 is 
BS 2494 limits; 0,14, max. 2S 23 25 21$ :s 25 

Water absorption, i days 2c -d O'C. vol 6-3 5.1 5.9 4-8 40 3.3 BS 2494 limits; !', rcl. max. 3 

Air overe qcinC rtrit:. --: rt, ", djys at ', O*C 
C. lun; e in hardness, IPHD -r2-5 +3 +-3-5 +4 +2-3 +1 

BS 2494 limits; IRUD, max. : ý5 !: $ Is 1: s 
Ch2nge in tenule strenr. lh +5 -2 -4 BS 494 limits; %, mix. 20 -0 

10 !: 20 - 
Clunge in clorg2tio. -t at brcjk, 0; -5 --8 -6 DS 2494 iipnift. 0'.. max. ± :0-& :0b ,0t: 0 ;t zo 

.*9 

1. Other high quaNty gr3des f-3y Ic us-. I 
2. rhcnol-form3;,! ch-. --'e reiin, sit, Irlp Chcr. licill). 
3. Cireclor 4Z (IM", mums 42-. chlorme. 
4. N, ' Saot*c. pler 77 'Monsania). 
S. For these %ulc2numcs the har-Incess chvIge afra at O-C is not more Oun 5 WID, as req-zircl im nNZ1,131. 
6. For aprropriatc h3rý'nc,. s rin; c. 
The. # 1-1 A-f Jil, t,.: FVJ ty -Va.! * %a-#: A-I I*J.. 4. " w0v Av : 16me %@-f Ike P. - aen-9 
the 10"ail-a" 

. 44J 461 Rot 1-: qv peceft-4. ýjAel-q -j ltftkl!., tpi-le owler*411. che-ft. 
say *, ý%Jfv, 4 ftjqff, ý@ Wýj *"ýJv be 

to 111-8 it-rip *, W! rs 

Table B(l) Details and Properties of Rubber Compounds 
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APPENDIX (C) 

Allqnment Parameters 

The alignment parameters used in the project are 
similar to those presented by Solomonidis et al (1900). 

Referring to Figure C(l), the alignment parameters are 
as follows : 

Toe-out Angle 
Knee height * 

Knee set back 

Knee set out 
Knee M/L tilt 

Knee hyper-extension angle 
Socket forward set 
Socket height 
Socket set out 
Socket flexion 

Socket lateral tilt 

Socket external rotation 

N. B. * Does not apply to below-knee prostheses, 

Presented in Tables C(l) and C(2) are the alignment 
measurement of all the below- and above-knee prostheses, 
respectively, used in the project. The "optimum" 

alignment ranges of each prosthesis with SACH foot are 
also included. The measurement accuracies of each 
parameter are also given in the Tables. 

0 
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D(l) IntroductlDn- 

The purpose of this Appendix is to doscribo tho 
function and operation of computer programs usod in 
performing the mathematical analysis in Chaptor Six. 

All the computer programs wore written in the 
Fortran IV languaget and wore compiled Into binary 
version before they could be used to process data. 
Associated with each program was a job control macro, 
written in George III operating commands. This enabled 
the use of a single line command to run the program and 
also to perform file handling procedure. 

Raw force plate data were processed by program 
"BIOMECHANICS". This is a suite of programs written by 
Beveridge (1982). It was designed to assist in the 

analysis and interpretation of ground reaction data. 
Most of these programs included a graph plotting proca- 
dure of processed data. Only four of the programs from 
the suite were used in this project. These are described 
in the following sections. The main result file consists 
of the-calibrated ground reaction data. 

Raw displacement data were rationallsed by programs 
"COORDINATES"t "PARALLAX" and "FILTER". Three dimensional 
coordinates of joint centres and direction cosine 
matrices of body segments were calculated by program 
"JOINTS". Program nKINEMATICS" determined the linear 

velocities and accelerations of. the joint centres as well 
as the angular velocities and accelerations of the body 

segments. Programs "COORDINATES", "PARALLAX"P "JOINTS" 

and "KINEMATICS" were originally written by Ishai(1976). 
These were greatly modified to suit the present analytical 
procedure. 

The final program "KINETICS" combines all the 

0. 
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START 

Raw 0150licement 

%ARDIS COMINATES %ALC%B 

7 

D%q %ACD%B 

PARýALLAX %ALP%B 
-Raw Forcp 
Plate-Data 

%ADLVtO 

CS IOMECkANI I 
%AOLM 
I ADRV%D D 

%APX%B I I ADROID 

%ADL%C 
%ADR%C 

FILTER %ALF%S Prosthesis 
Information 

KINETICS %APT%S 

%AFR%S 

'Body 

Measurement '%AMd%S 
%AFO%S 
%AE. 4%8 

%ABM%S JOINTS %ALJ%B %AIJOZB 

END 
JUTO A 
%AST%3 

KINEMATICS 

%AVE%B 
%AAC%S 9 %AAV'. f, 3 
%AAA%B 

Fig-ure D 1 Flow Di agram of main processing programs 
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relevant processed data to perform the dynamic analysis. 
Several peripheral programs were written to assist 
analysis and interpretation of the disPlOCemont data. 
Programs were also written to give graphical presento- 
tion of displacement data, ground reaction forces, 
intersegmental moments, energies and mechanical work. 
Standard GHOST software routines available in the ICL 
1904s allowed much easier development of "Plotting" 

programs. 

Figure DI shows an overview of the structural 
sequence of the main processind computer programs. 

Standardised Filestore Notation 

All the data stored on files in the computer has 
to be labelled such that each one has a unique filename, 

which can be easily identified and related to the various 
stages of computation. It must also be easy to handle. 
Beveridge (1981) suggested a filename of 12 characters, 
which is fairly flexible in its application. The 
following is a description of it being used in relation 
to this project. 

The 12 characters are divided into 5 sections 
a) Section 1 consists of the first five characters, which 

are used to identify the specific subject under 
consideration. 

The first two of these characters are letters of 
the alphabet, used to classify the subject into one of 
the thre6 categories 

1) Normal Subject NS 
2) Below-Kn-ee Amputee : -Right - BR 

Left - BL 
3) Above-Knee Amputee : Right m AR 

Left - AL 
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The next three c haracters are numborsq ranginq from 
OV1 to 999 being ascribed to the subjoct. 

b) Section 2 consists of three charactorst which are used 
to specify the visit number. The first of those 
characters is the letter "V" and the rest are numbers, 
i. e. ranging from 01 to 99 visits. 

c) Section 3 consists of two Important characters (both 
letters of the alphabet) which are used to Identify 
the types of data being stored. 

Ground reaction data has the following notation : 
The first alphabet can either be "S"t meaning a single 
force plate was used In the test walko or "D"p meaning 
two force plates were used concurrently In the test 
walk. The second alphabet Is either "L" or "R", 
denoting left or right leg respectively. Therefore, 
11DL11 would represent ground reaction data from, the 
left leg obtained during a test walk utillsing two 
force plates concurrently. 

Kinematic and Kinetic data are denoted by abbrevia. 
tion of their content. For example, 

"RD" - Raw Displacement data 
IICD't - Calibrated Displacement data 
"AAIt - Angular Acceleration data 
11MI)II - MOments at joints 

As for files generated with data for checking 
purposest the first letter used Is "L" and the second 
letter identifies the program from which it was 
generated. For example# "LP" stands for data check 
file from program "PARALLAX". 

The detail classification and notation are described 
In conjunction with the programs description section. 
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d) Section 4 consists of a single character, For tho 

ground reaction data it is a number, which has tho 

following significance : - 
V (Blank) Raw ground reaction data 
0 Peripheral information data 

1- Scaled ground reaction data 

As for the kinematic data, It Is 0 letter of the 

alphabet to identify the type Of feet tostodo i. o. 
N Normal subject 
S Amputee with SACH foot 

U Amputee with Vniaxial foot 

e) Section 5 consists of a single character, a number 
which is used to identify the test walk, Up to 9 

successful test walks per subject per visit can be 

recorded in this system of notation. 

Each section or a combination of "neighbouring" sec. 
tions can be represented by a masking parameter("%T"; 

where I is any alphabet) in the job control macro, 
This enables the facility for handling input and output 
data files in their standardised format, 

The following is an illustration of its use in the 

project :0 

A left above-knee amputee has been ascribed a 
subject code number 13. Therefore section 1 of the file. 

name would be (AL013). He was pn his second visit to the 
laboratory (i. e. V02) and has performed a successful test 

walk an the third run with a SACH foot. 

The raw groUnd reaction data bbtained would be 

stored in files "AL013V02DLU3" for the left leg and 
"AL013V02DRU3" for the right leg. These can be represen- 
ted as "%ADLU%N" and %ADRU%N", where "%A" is "ALV1342" 
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and "%N" is 113". The calibrated left ground reaction 
data would be "ALV13VV2DLI311 or "%ADL1%N". 

For the raw displacement data, It would be storad 
in file "AL01342RDS311 or "%ARDS%Nt'. After being 

processed through program COORDINATES, the output data 
file is 'tALV13VO2CDS3't or tl%ACDS%Nt'. This form of 
notation is used in the following sections to identify 
the input and output data files of each processing 
programs. 

D(2) Force'Plate datn-Processinq Pronroms 

D(2.1) 111310MECHANICS" 

This is a suite of computer programs designed to 

assist in the analysis and interpretation of ground 

reaction data. The program suite was developed In a 

semi-modular fashion with the view of introducing flexi- 

bility into the processing sequence within the bounds of 

a batchp in order to "pick and choose" those processing 

stages in the suite that are of interest. However, all 

raw data must be processed by the first program in the 

suite, as every other program depends on its output. 

The following sections gives-a brief description 

of the four programs in the suite that were employed in 

the processing of ground reaction acquired in this proje 

project. The running of the program suite is also 
briefly described. For further-detail, the reader is 

recommended to consult Beveridge (1982). 

"PROGCALF" is the first and main processing program 
in the suite. If was designed to perform the following 

function :- 

a) Validify the format of the data in the entry files. 
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For ill-f'ormatted data, an Indication of the error Is 

given to ease the problem of location of the "bad" 
data. 

b) Correct the baseline shifts that exist duo to the 

inaccuracies in the amplifications circuitry. The 

program estimates the shift factors of each channel 
and corrects the raw data accordingly. 

c) Re-orientate the signal components w1th respect to the 
direction of walk and the arrangement of the two force 

plates. The direction of walk Is coded and given in 
the entry "header information" file. The correct 
direction factors of the various channels from the two 
force plates are as given in Table 6.5.1(a). The 

program combines the two pieces of information and 
produces the appropriate direction factors. By 

applying these factors to the raw data, the correct 
orientation of the signal components is achieved. 

d) Scale the signal components to their interpretable 

physical dimension. This is done by multiplying the 

re-orientated and baseline corrected data by the 

correct amplification factors and constants of force 

plate dimensions to obtain results expressed in 
Newtons and Newton-metres. See section 6.5.1 and 
Table 6.5.1(b). 

e) Calculate the position of the Centre of pressure from 
the Section 6.5.2. The vertical force component (Fy) 

is used to ensure that the beginning and end Fy values 
are sufficiently non-zero in order that poor 

co-ordinate estimates will not be. generated. Therefore 

scanning windous were applied to the Fy signals. The 

size of the'se windows is determined as follows 

Fore window size 1+ Integer value of 
(sampling frequency/10)o 
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Rear window size Intogpr value of (sampling 

frequoncy/5). 

Two input data files are req6irod for the program. 
the header information file, "%A%BV%N" and the raw ground 

reaction data file, lt%A%BV%N"I, where 11%011 could be either 
IIDLII or ItORII. 

The file "%A%BV%N" consists of the baseline shifts 
of each channel followed by the row ground reaction data 

with most of the baseline removedo giving mainly stance 
phase information. With this assumption, the program 
searches the Fy signals until two successive points 

exceed a specified threshold or the Forewindow is 

completely scanned. Failure to exceed the threshold 

implies poor data# resulting in processing being aborted. 
The threshold level can either be specified (in Header 

Information file) or a default of 20 "PDP12 units" is 

assumed. Once the threshold level Is exceeded, contra 

of pressure calculation is performed until the rear 

window portion of the signal is reached. In this regiont 
for the calculation to continue, the Fy signal has to 

exceed the stated threshold. 

The generated results file Is stored In "%A%81%N". 

It consists of useful parameters and scaled, re- 

orientated ground reaction data with the corresponding 

centre of pressure. This file is then subsequently 
accessed by other processing programs In the suite for 
further computation. 

"PROGFORCPLOT", generates the force-time and moment- 
time plots to pro 

' 
vide a visual inspection of the computed 

data for any discrepancies and unusual characteristics. 
The horizontai axis of each plot is the stanco phase times 

normalised to allow comparison. The vertical axis of an 

each plot has a default ranges which can be rescaled to 
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suit signal amplitudes that exceed the default ranqo. 

"PROGCENTPLOT" gpnerates three contra of pressure 
(CP) versus time plots displaying different nspocts of 
the data. All plots have a normallsed ropreGentation or 
the CP coordinates on the vertical axis, the three plots 
being X-coordinates(CP) versus time, Z-coordinates versus 
time and CP distance versus time. The dorivntion of the 

verticdl CP coordinates was briefly discussed in Section 
6.5.2(a). 

"PRDGVECTPLOT" also generates three plots; the 
first two are vector plots and the third Is a contra of 
pressure plot. The generation or force vectors was 
described in Section 6.5.3. The first vector plot Is 
Fy versus Fx and X-coordinate (CP). The vertical axis 
represents Fy and has a default range of 0 to 1000 
Newtons. The horizontal axis Is a combination of Fz 

versus Fx and X-coordinate (CP). The second vector plot 
is Fz versus Fx and X-coordinate (CP). The vertical 
axis represents Fz and has a default range of -100 to 100 

Newtons. The horizontal axis is similar to the previous 

plot. The centre of pressure plot is different from 

those described previously. This CP plot Is independent 

of time. The plot presents CP information as a line plot 
of X and Z coordinates. The axes or the plot is based on 
the force plate system, therefore it allows some degree 

of appreciation of where and how the foot made contact 
with the force plate. 

Each of the four programs has an associated job 

control macro, which permits the processes to be run as 
background jobs. Howeverg the initation of these job 

requestp come from the overall job control macro. 
"RUNMAINCALF"g which Is also used interactively to check 
entry parameters "in situ"# Figure 02.1 shows the chained 
job sequence of processing on the ICL 1904s computer. 
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suit signal amplitudes that exceed the default ranqo. 

"PROGCENTPLOT" generates three centro of pressure 
(CP) versus time plots displaying different aspects of 
the data. All plots have a normalised representation of 
the CP coordinates on the vertical axis, the three plots 
being X-coordinates(CP) versus timog Z-coordinates versus 
time and CP distance versus time. The derivation of the 

verticdl CP coordinates was briefly discussed in Section 
6.5.2(a). 

"PROGVIECTPLOT" also generates three plots; the 
first two are vector plots and the third is a cantre of 
pressure plot. The generation of force vectors was 
described in Section 6.5.3. The first vector plot is 

Fy versus Fx and X-coordinate (CP). The vertical axis 

represents Fy and has a default range of 0 to 1000 

Newtons. The horizontal axis Is a combination of Fz 

versus Fx and X-coordinate (CP). The second vector plot 
is Fz versus Fx and X-coordinate (CP). The vertical 
axis represents Fz and has a default range of -100 to 100 

Newtons. The horizontal axis is similar to the previous 

plot. The centre of pressure plot Is different from 

those described previously. This CP plot is Independent 

of time. The plot presents CP information as a line plot 

of X and Z coordinates. The axes or the plot is based on 
the force plate systemp therefore it allows some degree 

of appreciation of where and how the foot made contact 
with the force plate. 

Each of the four programs has an associated job 

control macro, which permits the processes to be run as 
background jobs. However, the initation of these job 

requests come from the overall job control macro. 
'"RUNMAINCALF", which is also used Interactively to check 

entry parameters "in situ", Figure D2.1 shows the chained 
job sequence of processing on the ICL 1904s computer. 
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VGPOUP SUBJECT'S GROUP CODE 

359a 0- NOM0.1 
I- Below Knee Amputee 
2- Above Knee Amputee 

NAMP AMPUTATED SIDE CODE. 
p- Normal 
1- Left Side 
2- Right Side 

N PTNT SUBJECT'S NUMBER 

NMITE1 DAY 

NDATE2 MONTH 

N--ATz3 YEAR 

NRUN TEST NUMBER 

NCASE FILMING CASE D=CRIPTOR CODE 
I- Front, Left and Right Cameras were used 
2- Front and Left Cameras were used 
3- Front and Right Cameras were used 

? WAX =. AL NUMBER or MARKERS tZED (i. e. 26) 

I ImAX( TOTAL NU113! 'A OF MARKERS VIEWED BY THE FRONT CAMERA (i. e. 20) 

IIMAX(2) I TO-.. kL NtZ11BER OF MARKERS VIEWED BY THE LEFT CAMERA (i. e. 13) 

I ImAX( 3) 8 TOTAL NUmzER OF MARKERS VIEWED BY THE RIGHT CAMERA (i. e. 13) 

JAMAX I TOTAL NLMBER OF FRAMES (INCL. IDUMMV FRAMES) ANALYSED ONLY 

NDMAX I TOTAL NUY3ZR OF MARKEFS* WHICH CAN ONLY BE VIEWED BY ONE CAMERA(i. e. 6) 

AS 
.8 

ACTUAL PHYSICAL DISTANCE BETWEEN THE TWO CALIBRATION MARKEFS (A. B) 
ON THE GRID BCA; ýD (In mm) 

HO I ACTUAL PHYSICAL HEIGHT OF THE MID-POINT OF AB, MEASURED FROM GROUND 
(in r=) 

T(1) I PHASE LAO Ci FRCNT TO LEADING CAMERA (in ms) 
T(2) J PHASE LAG OF L-rrr TO LEADING CAMERA (in ms) 
TM PHASE LAC OF RIGHT TO LEADING CAMERA ( in M) 
FCUT .I C=FF FREOUZICY OF FILTER (in Hz) 

Ix I OPTION CODE FOR Li--,,; 3 DISTORTION CORRECTION 

BY PASS OPTION 
EXECUTE OPTION 

Dr. DL, DR I DISTANCES FROM THE FRONT, LEFT AND RIQ1iT CAMERAS RESPECTIVELY. TO 
THE OR-rGIN OF THE GROUND FRAME OF REFERENCE (in mm) 

HF* HLP HR I HEIGHT OF FR04T, LEFT AND RIGHT CAMFRAS RESPECTIVELY FROM THE 

GROUND (in mm) 
LTAILI, I. AsIs 2 INDICES OF LEFT TAIL I AND A. S. I. S. RESPECITV= 
RTAILt, RASIS : INDICES OF RIGHT TAIL 1 AND A. S. I. S. RESPECTIVELY 
ARRAY *MCODE" S THIS 13 A*V-A-4AX BY 2* ( i. e. . 26 x 2) MATRIX. WHICH IS USZO MR CODING 

THE SITUATION OF EACH MARKER 
13t Column - 1,2 or 3- marker can be viewed by front and side camera, front 

camera only respectively 
4- escape usual routine (only for pelvic tailWand Spine 

markers) 
2nd Column On .0- 

if lst Column is either 1 or 4 

Index of preceding adjacent marker. if Ist Column is either 2 or 3 
ARRAY "NCHOS6 i This is a4NDMAX BY 2'(i. e. 6x 2) MATRIX, WHICH IS USE: ) FOR CODING 

THE CHOSES OF CORRECT SO=ION FOR MARKERS VIEKED, BY ONLY ONE 

CA112 RA 
13t Column R le 2 or 3- IXI, lys, or IZI coordinate respectively has two solutions 
2nd Column a1- smaller value is correct 

2- larger value is correct 
ARRAY $DO I 7MIS IS A*ND. %tkX BY e (i. e. 6x 1) MATRIX CO: iW., 4I:; G THE DISTANCES 

BET. -IELN 1,14AT COULZ) CNLY BE VIEWED BY ONE CAME'RA AND ITS 

PRECEDING. A: )JAdEN`T MARKERS 
Van -I t THESE ARE SymBOLIS WHICH WILL BE WED IN PROOFAM PARALLAX FOk 

PLOTTING THE TRAJECTORIES OF MARKERS (NOT---. V MZAN3 BWX SPACE) 

N. B. If NOMAX ARPAYS INCHOSO and IDI will have no values. hence they 

will be omitted in the data file. 

Figure D 3.1(c) Definition of Parq. meters listed in 
figure 
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D(3) Displacr., mant Datn Rationalisation Pronrams 

D(3.1) Program "COORDTNATES" 

This program performs the following functions, 
described mathematically in Section 6.2.1 and 6.2.2 

a) Scaling the marker coordinates to real units and 
transforming them to relate to the ground framo of 
reference. 

b) Correcting the phase differe'nce between film frames of 
the cameras. 

Also available in this program is an option to 

correct for fine lens distortiont described in Section 
6.2.1. An option code UX) is used to either by-pass or 

execute this sequence. However, for this option to be 

effectivep the coordinates of the nearest grid junction 

associates with each body marker of every frame has to 
be included in the raw data. 

The flow diagram of the program is presented in 

Figure D 3.1 (a). The Macro tRUNCOORI is used to run the 

program. A data preparation form, as shown in Figure 
D 3.1 (b), is used to collect information relevant to run 
program "COORDINATES", as well as programs "PARALLAX" and 
"FILTER". Only those parameters needed for the 

subsequent program are carried forward. Figure D 3.1 (c) 

gives the definition of the parameters listed in the Form. 

Input and Output Oata 

1he digitised marker coordinates are merged In the 
following fashion; data from the left camera are joindd 

to the end of the data from the front camera and data from 
the left camera. At the beginning of each set of data is 



360a 

NGROUP NAMP NPTNT NDATEI NDATE2 NDATE3 NRUN 

NCASE MAMAX IIMAX(l) IIMAX(2) IIMAX(3) JAMAX NDMAX 

AB HD T(l) T(2) T(3) FCUT 
ix 
DF OL DR HF HL HR 
LTAILl LASIS RTAILl RASIS 

ARRAY I'MCODEII 

ARRAY IINCHOS" 
ARRAY I'D" 

. XYZ-l 
1 - FRONT CAMERA CODE 

z Gl y Gl 
z G2 y G2 
z1 y1 
z2 y2 - J=l 

FRONT CAMERA 
DATA 

z 26 Y26 J 

J=JAMAX 

2 LEFT CAMERA CODE 
x Gl y Gl 
x G2 y G2 
x y1 J=l- 

LEFT CAMERA 
DATA 

x 13 Y13 

J=JAMAX 
3 RIGHT CAMERA CODE 
x GI y Gl 
x G2 y G2 
X14 y 14 J=j 

RIGHT CAMERA 
0 DATA 

x 26 y 26 j 

J=JAMAX 

Figure D 3. 1(d) Format of Files"'%ARD%E)ll 

FORMAT 
710 

71V 
GFV. d 

IV 
6FO. 0 

410 
210 
210 

FO. V 

7Al 

Io 

IV 

210 

IV 

210 
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a number used to identify the particular camorno from 

which the data comes. 

The input data to this programg to be stared In 

file "%ARD%B"g are generated by appending those raw 
displacement data to the and of the data collectod in the 

form shown in Figure D 3.1 (b). The format to which 
these data are stared Is as shown in Figure 0 3.1 (d). 

There are two output files from this program. Ono 

of them, "%ALC%B" was used to check that 

None of the markers are missed when being digitisod. 

2). No extra marker is digitised. 

3) The calibration markers digitised are correct and 

within the tolerance range, 

This file is erased from store Immediately after 
being listed on a line printer for examination. 

. 
The other output data file "%ACD%B"t contains the 

transformed data-and the peripheral Information In the 

format required for entry Into the next stage. See 

Section D(3.2) and Figure D 3.2 (b). Note that one 
"dummyP frame is eliminated at the beginning of the data 

from each camera after phase correction. Therefore. the 

maximum number of frames in the output data file "%ACD%a" 

is JMAX, i. e. (JAMAX-1). 

D(3.2) Pronram "PARALLAX" 

This program performs the parallax corrections on 
the transformed data from Stage (1). according to the 

mathematics In Section 6.2.3. It also computes the 

three dimensional spatial coordinates of all the markers 
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Figure D3.2(a) Flow Diagram of Drogram "PARALLAX" 
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relative to the origin of the ground framcoof roforenco. 

A flow diagram of the program Is presented in 
Figure 03.2(a). The macro used to run the program is 

t'RUNPRLX". 

- Input and- Output' Data- - 

The input data file 11%ACM11 Is generated from the 

preceding program "COORDINATES". The structure of the 

file is featured in Figure D3.2(b). 

Two output data files are created from this program. 
One is a data check file "%ALP%B"t which allowed chocks 
to be made on the calculated coordinates of markers soon 
by only one camerap in this case# the heal and tail 

markers. It also plots out the trajectories of all the 

markers to ensure that all the coordinates of the markers 

are in order. The file is erased immediately from store 

after a listing of it had been made. 

The other output data file "%APX%B" contains the 

corfected data and some peripheral parameters in the 

format required (or entry into the next stage. See 

Section D(3.3) and Figure D3.3(b), 

Subroutine "PARLAXII 

This Is the major subroutine in the program. It 

uses the information available In the array "MCODE" to 
distinguish the category of each marker. In column one; 
if the value is "l", then the marker Is directed to 

Subroutine "FRONT. SIDE", and its corresponding value in 

column two will be zero. 

If column one Is "2" or "3"9 then the marker Is 

directed either to subroutine "FRONTONLY" or subroutine 
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NGROUP NAMP NPTNT NRUN 

NCASE MAMAX IIMAX( l) IIMAV(2) IIMAX. (3) JMAX NOMAX 

FCUT 

DF DL DR HF H' HR 
LTAILI 1ASIS RTAILl RASIS 
ARRAY 11 MCOOE11 

ARRAY 11 NCHOS11 
ARRAY I' V 

. XYZ- I 

l(l) Y l(l) - zi (7) Y1 (7) 

z 2(l) Y2 W.. 
. Z2 (7) z2 (7) 

zW 26 Y (110 
0 26 0 z (7) 

26 Y (7) 
26 

N=1 

000 go Z (JMAX) 
1 Y OMAX) 

1 
(FRONT) 

00 

0 

00 

00 0 z 26 
(JMAX) 

0 

Y26( JMAXj 

Xl(l) 

0 

Y1W.. . x1 (7) Y1 (7) 

0 
xi 3(l) y 13 

We 
0 . x13 (7) Y1 (7) 

N=2 
0 

0 
000 
000 

0 

0 

x1 (JMAX) 

0 

Y1 (JMAX) 

0 

(LEFT) 

0 0.0 0 0 X13 (JMAX) Y13 (JMAX 

x 144) 

0 

Y14(1) .. 
0*. 

. 

. 

x 14 
(7) 

00 

Y 14 
(7) 

0 

x 

26(l) 
0 060 

Y26(1)0 
0 

0 

0 

0 

X26 (7) 
0 

Y 26 
(7) 

N=3 

0 00 * X14 (JMAX) Y 140MAXj 
(RIGHT) 

x 26 
(JMAX) Y 2'6 

DMAX 

Figure D 3.2(b) Format of File 11%ACD%B11 

FORMAT 

4FV 
71V 

FV. 0 

6FV. V 

41V 

21V 
21V 

FV. V 

7AI 

7(2FO. V) 
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"SIDEDNLY" respectively. The corresponding column two 

will be the number of the preceeding adjacent marker, the 
distance of which is stored in array "DII. Since two 

solutions are obtained in these subroutineso information 
in array IINCHOS" gives the correct one. 

The two pelvic tail markers which can only be seen 
from the side camera, have to be solved from the one 
associated pelvic spine marker. The pelvic tail marker 
1 and pelvic spine marker are routed out of sequence by 
designating the number 4 to column one and zero to column 
two of array 11MCODE11. The pelvic spine marker was solved 
first by using subroutine "FRONTSIDE". The pelvic tail 

marker 1 was solved using subroutine "SIDEONLY11 and the 

pelvic spine marker coordinates and its distancel stored 
In array 

Other Subroutines 

Subroutine "FRONTSIDE" solves for the true spatial 
coordinates of a markerg that can be seen from the front 

and one of the side cameras, as described in Section 

6.2.3(1). 

Subroutine "FRONTONLY" solves for the true spatial 
coordinates of a marker, which can only be seen by the 
front camera. The calculation is based on the known 
distance of an adjacent marker, whose true coordinates 
were calculated previously, as described in Section 
6.2.3(ii). 

Subroutine IISIDEONLY" solves for the 

coordinates. of a markerl which can only be 

camera. The calculation again is based on 
distance of an adjacent marker, whose true 

were calculated previously, as described i 

6.2.3(iii). 

true spatial 

seen by a side 
a known 

coordinates 

n Section 
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START 

READING IN 
INSTRUCTIVE 

DATA 

MA=. ý 

-ýT = 

qll 

PERFORMINGk I 
FILTER BUT4 

PROCESS 

I -< 

""- N. " 
A< MAMA 

CALCULATING 
AMOUNT 

OF-NOISE 
REMOVED- 

WRITE OUT 
COMPUTED 

DATA 

END 

Figure 0. -3(a) Flow Diagram of Program 

"FILTER" 
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NGROUP NAMP NPTNT 

NCASE MAMAX JMAX 

FCUT 
xi Yi zi 

x2 y2 z2 

x3 y3 z3 

X4 Y4 Z4 

x5 y5 z5 

0 0 a 

X26 y 26 26 

y 

X26 Y26 

xl 
. 

. 

0 

x 
26 

Yl. 

y 

26 

zi 

NRUN 

J=2 

z 26 j 

zi 

J=JMAX 

z 26 

FORMAT 

410 
310 

FO. 0 
3FO. 9 

Figure D 3.3(b) Format of File "%APX%B" 
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'A -. 

I 

5TART 

RMIINI! IN 
INSTRUCTIVE 

DATA AND POOV 
MEASUREMENTS 

ECALCULAA, 
Tr Er 

F 
D D. C. 

FOOT 
. C. MATRIX 

CALCULATE 
SHANK 

D. C. MATRIX 
ANKLE & K14EE 
JOINT CENTRES 

AVERACE 
TAIL &' 
STERNUM 

COORDINATES 

CALCULATE 
PELVIS D. C 

141ATRIX; HIP I 
IJOINT CENTRq 

CALCULATE 
THICH 

D. C. MATRIX 

t 

LOCATE 
SHOULDER 
JOINT ANO 

STERNUM 

-f 
CALCULATE 
SHOULDER 

D. C. MATRIx 

-i 
WRIIINC N 

Col, 

F. 

I V" 

J<JMAX ' 
; 10.0 

FOOT I'= 

SORT 

SHANK F04AEF 

CHCCK 

MATM 

PELVIS 

THICH 
DIST 

CHECK 

SHOUL3ERj----j CHECX 

Figure D'3.4(a) Flow Diagram of 
Program "JOINTS" 
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D(3.3) Program IIFILTERII 

This program filters off the high frequency random 
noise in the data, as described in Section 6.2.4. Tho 

cut-off frequency of the digital filter can be chosen 

and specified in the Input data file of program 
"COORDINATES" as parameter "FCUT". Soo Figure D3.1(b). 

A flow diagram of the program is presented In 

Figure D3.3(a). The macro "RUNFITRII is used to run the 

program. Subroutine "OUT411 is the digital filter 

designed by Andrews (1975). 

Input and Output Data 

The input data file "%APX%B"v generated by program 
"PARALLAX", has the format as shown in Figure D3.3(b), 

There are 2 output data files, one is a data check 
file, "%ALF%B"p which checks an the amount of data being 

removed. This file Is erased after a listing Is obtained. 
The other output data file, "%AFR%B" contains the 

smoothed data ready for entry into the next stage. the 

format of which is similar to file "%APX%B" In Figure 

D3.3(b), except that parameter "FCUT" Is deleted, 

D(3.4). Proaram "JOINTS" 

This program calculates the spatial coordinates or- 
the joint centres and direction cosine matrix of the 

segments described in Section 6.3. 

Figure D3.4(a) shows the flow diagramýof the 

program. The macro used to run the program Is "RUNJNTS". 

The analysis is carried out frame by framet using 

several subroutines to perform the calculations. 
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Data Prbparbtion Fbrm, (2). for 5tbqe'(4)'**q .... Prog. JOINTS 

Filename 

Statement 
Format 

DFL DFR H ST 4FO. 0 

SU SL2 SL3 SL4 SL5 SFV. V 

SR1 SR2 SR3 SR4 SR5 5FV. 0 

HX1 HYL HZL HXR HYR HZR 6FO. V 

DSL DSR 2FO. V 

RP RS 2FO. V 

JLMAX JRMAX 210 

Figure D 3.4(b) Data Preparation Form for Program 
"JOINTS" - File "%ABM%B" 
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Input and Output Data 

Two input data files are used In this program, 
File 11%AFR%B11p generated from the previous stage, program 
"FILTER", contains the filtered marker coordinates. The 

structure of the file was described in Section 0(3.3). 
The second input data file "%ABM%B" consists of the 

required body measurements and other peripheral 
informýtion. The format of the file is presented in 
Figure D3.4(b). The definitions of the parameters listed 

are given in Figure D3.4(c). 

Three output data files are created by the program. 
There is the data chock file "%ALF%B'tp which is Immediate- 

ly erased, after being listed on the line printer. The 

selection of the correct solution for the direction 

cosine "B1111 of the shank can be chocked. The 

variation of the shank lengths is listed to give an 
indication of accuracy. The coordinates of all the joint 

centres and direction cosine matrices of all the segments 

are presented. The determinant of each matrix is also 

calculated to check its orthogonality. 

The two other output data filest "%AJT%B" and 
"%AST%B" contain the coordinates of all the joint contras 
and the direction cosine matrices o7f all the segments 
respectively. These two files are re-organised by using 
the editing commands of George 3 in "RUNJNTS", for entry 
into the next stage. The format of these files is- given 
in Figure D3.5(b) and (Or respbctively. 

Subroutines 

(I) Subroutine "SHANK" is used to determine the direction 

cosine of the shank as well as the knee and ankle joint 

centre, as described In Section 6.3.1. The frame number, 
coordinates of the tibial tuberosity# fibula head and 
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OFLp DFR WIDTH OF LEFT AND RIGHT FOOT RESPECTIVELY 
AT ABOUT THE METATARSAL BREAK 
(see figure 5.3.4(b))(in mm) 

H LENGTH OF SHANK MARKERS 
(see figure 5.3.1(a))(in mm) 

ST SOCKET THICKNESS-ONLY WITH BELOW-KNEE 
PROSTHESIS(for all others, ST4.0) 
(see figure 5.3.4(b))(in mm) 

SLl to SL5 LEFT AND RIGHT SHANK DIMENSIONS 
SR1 to SR5 RESPECTIVELY 

(see figure 5.3.4(b))(in mm) 
SL5/SR5-ONLY WITH UNIAXIAL FOOT 
(For all others, SL5/SR5=0.0) 

HXL9 HYLO HZL LOCATION OF LEFT AND RIGHT HIP JOINTS, 
HXRp HYROHZR RESPECTIVELY RELATIVE TO ASSOCIATED 

ANTERIOR SUPERIOR ILLIAC SPINE. 
(in mm) 

DSLq DSR- : A/P WIDTH OF LEFT AND RIGHT SHOULDER 
RESPECTIVELY(in mm) 

R9 : RATIO OF SHOULDER MARKERS 

RP : RATIO OF PELVIC TAIL MARKERS 

JLMAX,, JRMAX TOTAL NUMBER OF FRAMES IN THE LEFT AND 
RIGHT STRIDE RESPECTIVELY. 

Figure 0 3.4(c) Definitions of Parameters in 
File "%ABM%B" 
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lateral malloolus markers# the calculated shank 
dimensions and the code Identifying the side baing 

analysed are parameters required for entry into the 

subroutine. "SQRT" and "F04AEF11 are subroutines from the 

computer library used by "SHANK". "SORT" Is used for 

determining the square root of a variable, while "F04AEF" 

is used to invert a matrix and multiply it by another 
matrix. 

fti) Subroutine "FOOT" is used to determine the 
direction cosine of the foot (see Section 6.3.2). The 

entry parameters are the framo*numberg coordinates of too 
tip, 5th metatarsar base and mid-heal markors# ankle 
joint coordinates calculated from "SHANK"o foot width, 
length of marker stalk and code for identifying the side 
being analysed. "DIST"t which is a function used for 

calculating the distance between two points, and "SORT" 

are employed by "FOOT". 

(III) Subroutine "PELVIS" determines the direction cosine 

of the pelvis and the coordinates of the hip joint contra 

according to Section 6.3.3. Entry parameters are the 

frame numberp coordinates of the pelvic spine and tail 

markers, the location of the hip joint contra relative to 

the pelvic spine and the tail marker ratio. Subroutine 
"MATM11 which performs matrix multip-licationt "DrST" and 
"SQRT" are used In "PELVIS". 

(iv) Subroutine "THIGH" determines the direction cosine 
of the thigh according to Section 6.3.4. The entry 
parameters are the frame numberv the hip joint coordin- 
ates calculated from "PELVIS" and the knee joint coor- 
dinates calculated for "SHANK". "DIST and "SORT" are 
also used. 

(v) Subroutine "SHOULDER" determines the direction cosine 

of the shoulders and the coordinates of the shoulder 
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READING IN 
INSTRUCTIVC 

DATA 

REAOINC IN 
30114TS 

COORDINATES 

MATE 
INT 
ITIES 

CALCULATE 
30INT' 

.1 

L VACCELERA- 
CALCULATE 

30INT 

TIONS TI ON S 

3, ( 

WRITE OUT. 
VEýOCITIES 

ACCELERATrOf, 

READING IN 
SEGMENT 

O. C. MATRIX 

t 

CALCULAT! 
SEGMENT AUG 

VELOCITIES 

EG 
CCE CCU 

LCMALCULATE 

EC , MENT ANC 
ELERATION 

Wq1TE OUi 
AMC. - 

ELccrTIES 
CCELERATM 

END 

Figure 3.5(a) Flow Diagram 

DIF 

DIF 
I 

----& OME 

of Program "KINEMATICS" 
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joints. The entry parameters arc the frame number, the 

shoulder and sternum markers and the dimension of the 

shoulders. "DIST" and "SORT" are also used In this 

subroutine. 

(vi) Subroutine "CHECK" is used to calculate the deter- 

minant of the diroction cosine matrix of each segment. 
This is used to chock the orthogonality of each 
matrix. 

D(3.5) Pronram "KINEMATICS" 

This program determines the linear velocities and 
accelerations of all the joint centres, and also the 

angular velocities and accolerations of all the body 

segments. The equations used in the program were 
described in Section 6.4.1. 

A flow diagram of the program Is presented in 
Figure D3.5(a). The macro used to run this program is 
"RUNKMTS". 

Ihput and Output data 

The two input data files "%AJT%B" and "%AST%B" are 
generated from the previous program "JOINTS". The 

structure of these files is presented In Figures 03.5(b) 

and (c) respectively. 

There are four output data files created from this 
program. The linear velocity and acceleration filest 
"%AVE%B" and "%AAC%B" respectively, contain data which 
are reduced by four and eight frames. respectively per 
joint centre. The organisation of these files is similar 
to "%AJT%B". see Figure 03.5(b). The angular velocity 
and acceleration files, "%AAV%B" and "%AAA%B" respectively 
contain data which are reduced by four and eight frames 
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NGROUP NAMP NPTNT NRUN 
NCASE MAMAX JMAX 

xi(l) Yl(l) zi(l) 

X1(2) Y1(2) Z1(2) 
X1(3) Yl(3) Z1(3) JOINT=l 

Xl(JDMAX) Yl(JDMAX) Zl(JDMAX) 

X2(1) Y2(1) Z2(1) 
X2(2) Y2(2) Z2(2) 

JOINT=2 

X; (JDMAX) Y2(JDMAX) Z2(JDMAX) 

X14(l) Y14(l) Z14(l) 

JO; NT=14 

X14(JDMAX) Y14(JDMAX) Z14(JDMAXJ 

Note : For file %AJT%B, maximum frames, JDMAX=JMAX 

%AVE%B, maximum frames, JDMAX=JMAX-4 /a 
%AAC%B, maximum frames, JDMAX=JMAX-8 

Figure D 3.5(b) Format of Files "%AJT%B"P tl%AVE%B" 

and "%AAC%B" 
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NCROUP 
ýCASE 

Bil 
B21 
P31 

1311 
B21 
B31 

0 

Bll 
B21 
831 

Bil 

821 

. 
P31 

NAMP NPTNT NRUN 
MAMAX JMAX 

812 

822 
B32 

B12 
B22 
B32 

B12 
B22 
B32 

E312 
E322 

832 

B if 
023 3=1 
833 

131S 
023 3=2 
B33 

131S 
823 J=JMAX 
833 

131S 
B23 J=l 
833 

J-JMAX 

J=l 

J=JMAX 

- MSEGul 

MSEG4 

1ö 

MSEG=B 

Figure D3.5(c) Format of Files "%AST%B" 

0 
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NGROUP NAMP NPTNT NRUN 

NCASE MAMAX JMAX 

WX(I) wy(l) wz(i) 

WX(2) WY(2) WZ(2) 

MSEG=l 

bIX(JDMAX) WY(JDMAX) WZ(JDMAX) 

wx(l) wy(l) wz(l, ) 

0 MSEG=B 

w XODMAX) WY(JDMAX) WZ(JDMAX) 

Note-: %AAV%B - maximum frames, JDMAX=JMAX-4 
%AAA%B - maximum frames, JDMAX=JMAX-8 

Figure D3.5(d) Format of Files "%AAV%B" and 
"%AAA%B" 

I 

t 
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respectively per body segment. The organisation of those 
files is presented in Figurp D3.5(d). Those files are 
required for running the next stage# program "KINETICS". 

Subroutines 

Subroutine "DIF" Is the numerical differentiator. 
The entry parameters are the data sampling time Interval 

and the array of data. After differentiation, the total 

number of data will be reduced by fourt viz two in the 
beginning and two at the and of the data. The first 
derivative (i. e. velocity) is obtained by using the 
displacement data and the second derivative(i. e. accele- 
ration) is obtained by using the first derivative. 

Subroutine "OMEG" is used to solve for the absolute 

angular velocity of each segment from its direction 

cosine matrix. See 'Section 6.4.1 for the mathematical 
derivation. Subroutine "MATM" is also used In this 

sequence. 

D(4) Dynamic Analysis 

D(4.1) Proqram-"KINETICStt 
* 

This program performs the following calculations, 
as described In Section 6.6 : 

a) body segment parameters 

b) the external forces and Intersegmental moments acting 
at the hip, knee and ankle joints of both legs. 

c) the mechanicar energy level *of the thigh, shank and 
foot of both legs. 

In the program, *the force Plates and kinematic data 
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Figure D 4.1(a) Flou Diagram of Program 
"KINETICS" 



are synchronisod and related to make dynamic calculntion 
possible. The flow diagram of the program is presented 
in Figure D4.1(a). The macro used to run the program Is 
"RUNKNTS". 

. ............. I Input'and-Output Data- 

There are altogether nine input data files required 
for entry into the program; two sets of force plate data 
"%ADL%C" and "%ADR%C" from "DIOMECHANICS"g joint contra 
coordinates "%ADJT%B" and D. C. matrix of segments "%AST%B" 
from "JOINTS"t linear velocity'and acceleration of joint 

centresp "%AVE%B" and "%AAC%B" respectively. and the 

angular velocity and acceleration of segmuntst "%AAV%B" 

and tf%AAA%Blt respectively from "KINEMATICS". Lastly# 
"%APT%B" which contains information an the physical 
properties of the prosthesis used. See Figure 04.1(b) 

and (c) for its format and definition of parameters# 
respectively. 

Three output data files are generated from the 

program. "%AFO%B" and "%AMO%B" contain the external 
forces and the intersegmental moments respectively, 

exerted on and about the joint centres of the lower limbs 

of both legs. "%AEN%B" contains the instantaneous 

mechanical energy levels of the segments of the lower 
limbs of both legs. 

Subroutines- 

(I) Subroutine "ANTHRa" determines the physical properties 
of each body segment when instructed. The parameters 
required are obtained as described In Section 6.6.1. The 

entry parameters are the coordinates of the proximal and 
distal joints of the segment, total body mass, mass of 
shoe, index of proximal joint, level and side of amputa- 
tion and the physical properties of the prosthesis. The 

370 
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Data Preparation Forin (3) for Stage (6) 
... Progran, KINETI CS 

Filenamo 
Statement 

Format 

TOTM 

FINT 

SINT 

TINT 

FMAS FDCM 

SMAS SDCP1 

TMAS TDCM 

Figure D4.1(b) Data Preparation Form for 

Program "KINETICS" - File 

"%APT%B" 

TOTM 

SHOE 

FINT, SINTt TINT 

FMAS, SMAS, TMAS 

FDCM, SDCM, TDCM 

Total Mass of body 

Mass of shoe 
MASS MOMENT OF-INERTIA OF 
PROSTHETIC FOOT, SHANK AND THIGH 
RESPECTIVELY 

MASS OF PROSTHETIC FOOT, SHANK 
AND THIGH RESPECTIVELY 

DISTANCE BETWEEN PROXIMAL JOINT 
OF PROSTHETIC SEGMENTS TO ITS 
CENTRE OF MASS 

2FO. V 

3FV. V 

3FV. V 

3FO. 0 

Figure D4.1(c) of parameters in file 

- "%APT4/10011 



coefficients of body segment parameters prosontod in 
Section 2.1 are used for the unaffectod limb. Function 
"DIST" is used by this subroutine. 

(ii) Subroutine "DYNAMICS" calculates tho oxternal forces 

acting on the specified proximal joint and the inter- 

segmental moment about Lt. The entry parameters are the 

coordinates and acceleration of the proximal joint and 
centre-of masso the direction cosine matrix of the so 
segment, the angular velocity and acceleration of the 

segment, the physical properties of the segment 
(determined from subroutino "ANTHRD")t and the external 
forces and moments acting on the segment. The calculat- 
Ions are based an the mathematics described in Section 
6.6.2, Subroutine 11XPROD" is used to perform the cross- 
product of two vectors. Subroutine "MATXM" and "DIST" 

are also used. 

0 
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Listings of job control macro ORUNCOOR* 

and program 'COORDZNATES' 

k 

N 
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acurt6y tO'. "AbI%ATtl 

I PRORAIP WORDINA1131 
INPUT 6wcac 
OUTPUT Sair: 

4 OUIPLT ? 0K 
5 tAAC1 2 

(No 

Ic IN tUl AND CUIRT C RA Of M1 104 PA066 COORDINAT&I 
;C It F6- qAW 0 A14 
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I! C 
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23 tC QQLTI4t SOLUTIC" 
,? C 
.3 231 c 

23C 

241 C 
Z4 ZC OF CONTSItEl CM 
;4ic as 2* a a*- --. -- ,9---ý. 7-4 
;&! 1191101 
jLe 

I-61.. 11 PA ILQ Ct0 -SAI. - 

23C IS* IL 
2SI I&OT J- 

ýs 
12. 

25; 31.1 Of*! 0ý-W= ý-- ýý 11ý1 ý-I. - -- ., - : s! 111RI661 

2S4 
is! 51 a- CALL FStW, *( 1. Pt. sJol) aA12, tf I*J, 1) 1t1. IS#J,, i)e#5Ze 
251 

-- -FAA*-A isl 
-_-COTO 

SCI 
as? c flit OF '"C"113to 

-2sr. 
C as 

-- 
-- - 26 CC 

: 64 C 

-M-. -4pa"ZITS14"'I ---- -- -- : 72 to 

104ý? Mel's 
??! lot tI it )a 311( tC; f tl'4, i ), J 
214 52 1 Coptilsu! 
27! CALL M k. 04, &P, 5 
: 479 FAA8wA 
177 CIt ý11 Ofactelts-Lys 
471 C 

aIqC 

21C Coto sto 
?31C 
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*Slh$ONLV' CA!! 

a :4 -1 C of 
is! 51 .1 11 aI 10 1 

.. - .--.... -. lie If fII. GI.. 3 I-AN (2 )COTO S I! 
?e7 %22 .-.. ---.. 24 5 Me ILA I 
2ý 11 is Ir U 
29P Colo $at 
?QI N113 
02 IRwIi#I 
:9! ISaIR 
294 52 1 NOUND#i 

. 10 NDIaRD 
9121 
07 09 "A (2 1S 'J'4) 
; QF 00 529 II3nI, 3 
; qc IrK ( 111 aVVI(II 
!X 52 q CONTINUE 

u 3 111 CALL SS(N AM PQ, O (ND) 11 KIN III 
PIAA"14A 

. 
J? c 

' 4c Ev c of ; IDEOhLy 
!C 

Cfc 
! U7 C So LUTI 04 CHO IC F-C A SE S, rq ON TON LY ' A1JD I SI 0 EO NL V 

. --. .- __. -- ___ . 3&0 C 

_ 311 NIRNCHCS (I C1.1 ).. _. _.. - 'ý. : 1... .... -.. 31 1 N2a'fCHO5 (PrI, 2) 
'; IM1011) X:. X2(frMGOT0 Vil 

.. - 
JI! If (4. '. EQ ft. -m-07c 5: 1! __ .---.: ___ .. _ .. 314 . .ý 4 LrX2CKI_: _ __ -. -... 1F X I( NIIIG0 TO_ 5 C2-. 

311 51 1F1kILT . 12 C N. I GG 0 T. Y 
317 572 Do 536' 11 . 181,3 
311 -IV I(I 11, PPA, J) 2X 2( 111 

11; 5`3 C CONTINUE 
?2 IF (PPv EQ 
3V C-OT3 5C. 6 
322 ^0 531 11131,3 s3'l w' __- __ 12 2 XYZ( 111'!, 1A, J) axi (III)-- 
124 531 CONTINUE 

.- 3ze- ss'C ADRES85j; 
__ _323- - -, _ _W 

91T((5,9 1j4) J "A. IIFR., IL ALI, Iý A_R 

12C COT; SC6 
2 33r C v( : CF ROUTIN f SCLUTI CN 

! 32 C 
. 
13! C 
13; C *E SCAPVý SCLUMN 

C 
13-C C SS CXPC FPOP 2 CLTI NEýS CLUTION 
237 C 
131 R3 IF (PPA. hE 'LIAIL)GO 1C. 63C 

14 
Tki 
;4? 
! 42 40 LTsh 0 

.! 
4 4 6070 

-5 
C6 

24 f 531 IF (YA. 41 'LISISMIC $07 
? 4? 3i IFR*IFR# I 

IFCNCASE.. IC. I. Stit.. I. I. GT. 11-01 C. ))GOIO 
249 IF(4CASE. Ic. 2)c-CTC 4. ' 

4'. ILzIL+ I 
ISxIL 

!5 
is A CALL 
!5 
Ise WR IM %3C (I j IRA , 'Fg IL . 'Ll IR R1 IS 

il ; 57 1ADR-7s'll 

a 
is c 00 6J2 Irt'..! 
16 C 632 IT Z (V,! 0A I jal I (K) ; 51 090194CLT 
Mi C 
`6 1! 4 KN: 1,3 
; 6,1 63 4 XKM-XIM ; 65 AAzA (I, I LI j41 
; 6f ; 
o7 CALL S S04 AA FF, D (%Dj) xlf, xl, x2) I i6f in&A a LT A! L 

) ! 55 40 RZ52 a'- " __ - ____ 1 1.1 31-4 CýIos 

WRIM 5,5 VM A IFR I'M ILI, 111,. 21 AS '0, N: I* 

174 51%p 4 FO RAT 12 15 1F7 
17, C-OTO 5'9 
;? i C 

c 
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$0 It It A . 4f.. I IP IL It 0 It 6&1 
3! Its f to I 

COTO )Cb 
Mc 

! it I IrPaIFR#1 
!Ac it (%CAst.. Ic. l 0 60.611 OLT jleas(? ) )to to 4t. 

_1 ! vc Irt"CA311tCOMOTC A, 1_. 
._.. -, ___ !91 

.- 
11 vital 

4'1 IN61141 

_I 
S ..! 

It 
! 94 ---CALL !9i JORI%034 
! 91 
! 97 i4affs'sl 
?91 to W FIO*, l 

IT ? (11 #. Jk J)OW te I 
hVIONDN't 

411 to 643 1fri. 1 
41w? 64 xK(K)URIM 

ILI CALL 
401 

. --. 
-AA-RTAIL 

40? AD Vi See 43 
40? HI 8% c1q Ot (0 tit IJ 
Anc k2fthc14OSt6t1,2) 
sic woll"SISM)i "A Ap 

,t 
IL, ILI, 14,1 

Ail 
Ali COTO 51.9 
41 ?C KL L"' - S(QU9 4 tl TER-" I &)it C% 

. 
00 t%t 

414 S31 tLV%&SC6 

-415. 
C 

ate C ta e or ISCAPI SICTIam__ý__ 

_. _41 
? 

_C_ _. -_-_ --- - tit So! CONTINUE 
&It CC%tt%t: E 
42C REIUAN- 
421 

_1 
14 0-- 2 

422 C .. __ -- 

Q, C 

42 !C !a at to as, 0* ** 0 *at a* 0* 00 00 09 of *40 ate* 0* 0 at O G! O* sqt & 
ý . - _ SUFICUTINI 

427 C 00 _-_ - 423 C - 
- 

_&zc C 714 is SUAROUTIOF Ptoses-s 

43P C TM CS1 wiltits 1"At CAI : 11 VtI613 
43 1C 

__ 
Fqo- ectio 70i r&c%r AND-It ýj4jcý_'Isf_ %_*, 4, t 

-; 
Awls& 

&32 C CAP(aA CC 
43 Z. C at, Cco"IsAl't Iscm, $80%t- Cave. 46 
A34 C vrý *10 CCO#tlklrt 0, sc" $! 40%T C&DIVA 
43 1C It r 1: 0 SID! zj1-tv4_ 

43C C Is ccoiclhAtl F 919 sin ci-rea 
43' C Ir SCLVTIO% O&IAT 

&31 C 
DIF! ILSIC% 10) 

44C 

-Ad 
1. 

- -- 
If-(% 

442 
-. zSJR_1I -- __ ___ __ 44? CS804 

41 4 usaws 

44! COTO IS! 
441 tSeDL .- . _- -- -. - 44 L_ It aZL 

F. - 44! J. S s"L 
t4v lit 11 as is css(414121 110602: 6 81611b)-. 

AS[ IMGT F-1 V)Oc IfIr-b-1316 
it D @I P 19 9-1 c 1) ) I0 

AS& 154 4E7U 
435 
4se C 
As? c 
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4s% C *a &**a 04666* *06046 64 a Sat-04044 6*06 Ott AAA*6 to dame&* 

161 SLIkACUTT NI Ff (N, l Z, yr, t, kk ILI 'x2) 
46 0C 
461, c 
461 C I" :S Sill ROUT IIfP! 9F C '. " 1F All ALLAX CuRRE CTI 04 0N 
L6 4C Is %SE 0PQK 11) S VAT Co h MY PE VI EVED 
Is! cF ur Tw EII MT CAF [. 1 4 
46 tCN, It YI-A 11' E C! II NE DIN SUP 00 LY 1NEF Is 
AS fc: - 01 STANC ! Ef AN AN ACEN'T V ARK EI 
f6f C SK - REAL COCICIIIAIIS CV ADJACENT PARkEP 
La 'r C %1 .11- TibO S(LUTIONS fZQIVED 
47c c 

011*! %SICK VM 

An v Y. -w r 

M Cs V KI I YF- 12a24CZZ -X Ka 02 -D a62 
47f P1 LY As S& t, Z-A aC 
07 IF (P1LtA.. (I. ( . 0C CIO 157 
47 f 11 (I )no IA 
47C 12(j)*51A 
As c COTO 153 
41.1 13 7 xi t I) a (Et 4 .4 ViT ( CE Ll A /A 
46 22(j)M1(P-. CRT( CEL 10MA 
'A 152 XI (2) u -( v r-pr ) *X 1( 1) 10 F 4Y F 
431 . 12 (2)a-Cy1.14 F)tx2(I) 10 v#vF 
43 ! Xtc3)u-zz0yI(I3fDf4zz -. -. __ . -. - Of X2('. )z-ZZ#X2MIcF4zz 

- A? 7 &ETU4H 
401 EN D 
so ýc C 

491, c 
1; ;C it 0* at aA *A, a to&* am 

SUPRCUTINI SS(%'%x'ys'D'yx'xJ'Xz)_ 
19 1. Ca6 ** 0* a& me *6 *4 it 4b ** *a am 6*aaaf *** * ** a *6 #*ff 6 
19! c 
Lot t TollS SUPRCUTIPF DiRFOAPS PARALLAX C0QRECT1ON_OK-__L_ 
69 ?C 7w CS! 10 AD-fER I INA T CA A s: V ItWf 0 
Wc FROw FITWEF OF TME. SIDE CAPFRA, 
0c C 06,11 YS ARI! CiFINEC IN SU5; 0LTIhE_ FS 
33! ' C 0, 'K ' 1,12 - .0 ic, 0 EF I %. -- D. IN SUPRO UT14 !. FF_ 

Ilk:, %Ic 
DI WE NS 10 h IM ), 1.101) XZ (3 ). 

- __ .. -- CO F'P CN 1ý LC CIt Z/ tf aC LOD R .6F, I-L,!! it 
IF (N EQ . 21' OTO IA_(. 
ts-OR 
HSR 

! C7 iO TO 161 

5ý5 MS2"L 
51' 16 1 AB I .. + (CTSI. ' Sa2XI CS 
5 tt 

__1F (4 EG .2 TO 
-2 

. 
512 P81K C3)+C1S-FS)*CVS-91(Q)) /. *S4XX*CXX-. %K( 1) )IOS__ 

_ __ 
__ 

- . ___ -_- 
31L CO TO 3 
51! 1 KLUI. %, 2 
31e F81K (3)- 0 5-ps )* c IS-1 i-C 2 /D i_-_1 X _j X X'- I-K 1 10 S 
3 17 Es I. C 

cuc it of (3 dz. 6 ( Ts- Xr iz *? 6 (XX 
! 2( 
! -v I IF (D SL TA ) G', 162 

..; 2 (3)261A 
ý" ! Z! 

!24f; OT0 163 
a 16 ZXIQ) at 

- . 
5z? 16i XI(1)sE*W)44! (2)f: e*XX 

--- ___ ___ - __ - 2r X2 C 1) a E* IX 112 CICX 
! Zs. 11 xE IDS +y s 
53F X2 E& I )*Ir j In$ #Y S 
531 15 41 EETU-*l 
53Z END 
! 32 FINI. Pi 

7 5V 
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Listings of job control macro 'RUNFZTR' 

and program RFILTERR 

0. 



380a 

. kq. CUA, E. ft: L---R, UftF I-T-R-- 
a 

! 117----. ý11-- ,..... - --. -.. 7L. -- .-: 
*- '-- 

-Z - 

c-s Pý- 
Lit, 1.2-. ) 

S. P-T A -1-( 5 

Tl P 
-`E 7=76. - A S. *---*--7 R fi.. %A I 

7- A S-! c. Lp r, VILF XV CL 1ý! IT-50(701- 
-: ý. - % IN FR XV. C LIM IT F- --A I-Lý 

R. Ulq 
E-L. F-% NL-FX V, *LP ,NL 1*1 E. P, 

--%NLF%V---. "I F. JL AL TE P-- -. CA H). OR DEL* 

-GO--. 
T-C-3. RO-TOKA. Y 

ýý--4-3 -0-K-AY 

ý6-D R--rj . STAGE (3) E)ECUTED tc_cl luul LY-. F 
-1 

Lý-J- 

. 0-M AY 
PLE. 

-A-S-E. 
CELE-C-K-, 

r- 4-JUN E' RT)- .---- Zmý -Z--, 
-. 
f C 11 E CAD-T R- 

_____ _______ 
-" 

_________________ 

4.: 



k'CV "t so TQ LT. * 

4 

(I TL ? It) 

(NUT"Iff %Vito 
OUTPUT 72.1po 

7 TRACI 
I IND 
cC 
IC IN PUT A00 CUIILT Cl'&%klL$ 194 P106. PILTIQ 

11 C 1/? 5- CONIMID 4PARvill c(loottesTist 14cp rarg, 
I: c ol p? - FILT110 034,144 COCADINATIS 
l'. C Olt 5 -04TA WCK FILE, 

I! c 
Ifc 

17 C st 041 (3) 000? It* ýT' J I! t_s_(O'Mý'vqý I %ýqq_uoo II 

Ic c THIS PIMIIAP $[Ifftso$ Too POLLcotorf't 
it c 13 SPCOT04116 P4gd1s Cat-mmatts 

IICzCA ILC Im 01a0,0 to 101 04 ot nt -0 vt 
22 c 
?? C 
2A WASTt4 I IMP 
2! C *0 4*60649# ** 0 silo a*- 

2.7 c 
2pc too holliNCLATtif Sit 
2CC as as ammuss to aa see* to 

3c C 
31 et-116s to% IT I e. v%) 

'r 
rl (J. 3! ) si 

3 'r 01 PSENSIO% if (c. ) 110 (9-)It(3), f (I 
31 C- 
3& c It $: ING to, IN t IOUC Ttv It AT A 1111coo- I %PUT 11L I 
3! C** 0* to ** 69 to 41 a st *9 0* *6a**0000a of* & *0 9*&a0a ## - -- ... - 3e C 

3 11 A0 (6 ,S21 )%C AH &-A IJ -0 1 
3c OE A095,1 !) ICL-T 

12 10 C 10; "MAID) 
4! Zc I P041"AMI . 413) 

232 F0411ITtIll 71S) 

. 42 & 
4f C 
47 C At A1111416 1% COC9910#&Tt I INTO AAAAT(11) 
16% c 
4s 10 Ll 
sc to 62 J*l, j-ikt 

32 -- 15 104r, 1101E. Z) 
5! C 
$I C RE 9FIRM FILT1114C 900CESIwtTm CNC PAtr(4 at A Tiat 
5! C 
st 

11 to sl tx-t! 
'l 

51 

sc ra ( 11) 

It: _ to S2 Js I JvAr 
a! - - 3; ff Mall ( 11, J) 
62 CALL BUT 411F. JOSI fCUTZ. ^w23 
Ali C3 13 jal, j'"Al 
64 1r0t J) aF 11 1 :1 '1 10- rI tj I 
fi! I0(1I)uF : 1! 1)* ef t (j) 

6; Do S4 Jvl'J*A1 -- - ?c PS(II)OFSO IV)& (fFt(j)-91. (20) **a' -. 71 Ff wit'j) almi) 
?i 54 CO It T US 

74 3 a, cz%Tlhts .--:.. Z - -- --- 7! vAt1E(! 'Z)4'1 - -- -- If va I TEC 3, u (t 1( :I J) . is at '23 'J- I 'i Out I 
77 wvITE(!. fjffh( *1 
7? 161. ITL(5.4j(1t( .1 ?c1,1 caLIt%4 

804v)Ttl leact44 %o 

vAtT1(?.! M(11 Tit Is. -A. Jl, *. Is 1.31 v As I. % on All I. Jal'ie A t) 
Foal, AT 
STCP 

3 
At c 
S? c 
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AIC*4.... _- - .. _- .-.. . .. I 

St SU(IRCUTINI (-VT4(Q, N, FCUT, T) 
9c C 
91 c 
9; C IN IS SUt-ROUTIOE PEPFOAVS TwE F ILTIRING FAOCESS___ý.. - 9! C 
94 Ca 13 714E FILE; N IS NO.. OF. PCINTS 
95 CIC LT 13 CUTOFF FREQ.. I IS TIvE INTEPVAt 
94 CWI IS 714F RESUT FILE 
97 C TR 13 T4E TQEP, C Of DAIA 
9.9 C NO IE: 7DEND Aýt PECESIAL PIMOVED EEFORE fl. LTER, _ý 9q C -ACDED 10 AFTER FILTERIN6 PRCCESS_... _ 

. 13c C 

. 11.1 1 DIPENS ION C(I '-' ), g (h), AD (13 0, Wl M3 ), W C 
1.3 1 hR m4-42 C. r. 

I.... ---. - 
la! TR89 W-9 (1) 

lcl If (F CU T. CE .1 .32.. C T 12 GOT QI 
135 IP Iv3 _141, 

! Z6 5 
lot II aa IN(9FI of CU IaT 
la? T2 wCOS (XFI &F Cu T* TI 

7TwT! /T2 
AwCOS(Xc' I it_") *TT 

lic PaSIKCIPI Ji. 0 ATT 
: 11 CC 1) 192 0CA 40 

?. 
---CC 2) a2 iCAM 

C(3)82*( (14*244- Z)*(A48)) 
C(&)8(A*j; o-3 t* 2) * 42 

t"i4c C a)+ C(! ) +C(A) _.. 7- Ill CC6)j-A#4dCC4)-2*C(1)+Z*CM 

: 11 C(3)44*C(4) 
11 C(9)81-C Q' )4C ( 2)* CM -M) 
12 C 00 3tK44vh, 13". 
121.3 AD 

: 12 2 00 2 Lul, w 

__ .9 
CONTINUE ... ---t. 

0 A-Loi 4 
12 f AD (L) 
12 Z_ wC L) 

f-CONTINUE- 
CI v4,2 4 
't-2' a -" , -11 00 

CK- 4) CC 11) 00 ( 11-6 4) # &*AD (K4 ZIC (K +2 It-& 4 1) 

. -It 
CONTINuE 

____ -13 
a. 

_ --to -37 
JK J 9: 1,1, q 

- *13 7 
__ to -15 KZ1 A 

14C 
14' 11-CONTINUS 
142 00 16 Kwl'hq 
44 KSONI-K 

Vl(K5-3)z(CM AMCKS3 Iýi ? 
64 4ý4*W(KS)4, W fK54,1 11( K *C( ! )'w 1( Ir 5- s) *C 

. 
14 4W I(KSCII &V I (K 1) C WCM 

147 ld CO%TI'quS 
, lit 90 21 irz*l. k 
144 21 

00 '17 Kal, PI 7-7 : 15 

is 17 COPITIhUE 

-IS 
i 

_AETUALN END 

'15 f 
. 157 
-151 



381 

Listings of job control macro 'RUNJNTS' 
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_DOCUMEKT- _RUNJNTS- 

:" -- _zz_ Z' N -('XA) (1,8) 

- -. 11 -SPV-pt1A)(.. 11 
- 12 .). --.. -=-". --Z- =-»r-ý-- -- 

. 3- S P-_T 
ýý4-LO -8 INJUTZ 

-; =-6 
_A 

SCR0N LI Mi Z V--. 
A Sý -lk-TR 1A 

A. S- *-IPC, ZtýI. EJXV-(LI! IIT40C. C) 
S--i*--IP--l XNES %V-C L IM1 T 

1 F. H ALTE D (AH) 
.U 

DE LET. EP X Cr-) GC. -T-0-- 4 OK AY 
1 'Ö». 

-T- C- --4 4' --- G 
S4.0 Ký AY 

::. .. -- --- 
ý7 -- - "ý- r -. ' -' -zr-z -Z 

ED1 T-=% N EJ % Vr-XN Jil 2V (L IM 1. -14 Cil G) , ED-I-T-T RX- ---: 

-1-7- 
1DIT 

-2 NES%VP1 ti S 12 V( UM 1.1-5 20 Ci)-, E-D-I-T-T P B- 
R-X NEJ V--: 

-*-, 
ýý]Cýý7R'J=T-ELEWZMi. TIV., gLNWALK-cD, PARAM (%. qJT-IV)-. ' 

-2:: 'r-DP-0-, STAGE (4), -. EXEC(ITED-SVCCESSFULLY, ---- 2-- EJ 

4D P= Z), E RR OR ---IN-S 1 ;G CK- 

-2,5- EJ- fi CU Er RT (C HECX JN TS 

2 7=D G 

-f 0 



3c cu IM t t: t je IN iZ 382 

Ll aa 44vt CC . 1.0is to a 1,11,01AM 
PROPIA's 1jCIftTI) 
INPUT 44cIt 
LOOPUT 6611C 

4 tUTPvT SeW 
CUTPUI ? %If. 

t OUT&UT $&III 
I tOPPICT 
I 14ACI 
S EN 0 

. 11 c 
. 
1.1 C 114 FUT AND QUIPLY C10AMLS FOP flag* JOINT& 
IiCIIf4 Polio PMUILPIMS 
I! CII#6 11 LItI 10 0A4K 14 C (10 q01hAILIIF 10 PýP 13 CI IL IL01 
14 C alp I Jot%? COCIC1,401ES 

. 
11 C of Pa S161,101 D. C. PATAICCS 
it C off S DATA (14ECIL fILI 
17 c 
11 C 

--is 
C ST sr. t (4) AT-JArls-CON031.39kc. UkIT 

3L cC 
-t C TH IS PIZOaAlP StAICAPI IN$ C&LCLLATION Of I- 

22 tI .) lot tcCIDIN AT[ S of 1141 Jot%? C1,4101ts 
2iC2. ) Tot DISICTICN C21114L 0& 1&11 Of-IrL -11 Vq gilt& 
24 c 

C so 0*44*6*#GO too* *6 see 6 

at INASTIR JCIkTS 

-2 1C of so at f* sib oft &a so 46* 46 0aL- 

2ý-2. _at 
C 

?-. 
2q c FO I 040PENCLATLIE SEE IIACEM, 1110tilAst ' CtOADIWE11, 
3c C all go 140222000s 06*66 *** Otte-io-m, staged 
It cC CK ELSE lmt% wILL Pit 201410 PL044- I'm 
32 C 
V 
U 

37 CcP. oQm1J%I1I/1j ...... 3fC 
35C 
cc C BE WNG Ift NL$tta I4,1FC. * t42F I%VUT rtLE P&21[t41*-CC2#§I11&Attt 
'Ll C 
42 c 

A4 WRITE( 
45 - -WRITICS, ti) 

-Al 4? c 
41 C It ADINC IN 1'Ctv NIASUILOINI BILI 

3! 
- . -CF1.2001 

D011 
-- -- --- -- 

61 

62 OL41BSL4 

-010.7c 6A 

6C ! L164,. 4 
67 tL4aSL4*Cl 
62 IF 
65 CL Ia SL2-C 1. *4 w 
?Z tL2*SL3-Ct! #" - tL! It CLZOV 
77 -VOTO ?c. 

-- --- --- -- .---- 
-- --- - ? 

74 
?3 CL! QST*CLi4" 
?fC &I CHT CATA 
?77: 

- 
7-Z to (%r- 

.I1 .0 -- - -- - 

COTO ?I 

Ca Ze 5a 
CA !vi4! F 110 

Coto) ja 

r, ý 
1410 cg; sld 



383a 
9 royý 71 74 61 Ck I it sp. 1- SI -Cp I #w 9t cR7xjsR31; )4" 

?a AR32ST4CR i 41f 
91C LOCATION OF 11 It IISLATIVS T: rILVIC -Pit 
9t71 aLAD (4014) tJL(I ), PJL(? ), HJL(3), HjR (1), HJ4 Q, ), t-JR(. t) 
oc C wR ITINA 17 IN VýCTCI ICA04 

DO fII,! 
"JL( I)-PJLI 

113 co NIT I Nui 
134 IIJ of 
1!! c so CULDE20S PAIA 
13f OEAD (4,5 ) t$L, D 'R 
Ij? C RA 710% TAIL(RI) AND SýCt; LDF4(Q$) 

. 
-APKERS 

C MA 1. NC. OF F PI"E CF LfFT(JLmAX) AND ýVHTWP"$X) WALKINC- CYCLE 
Ai i. R(ADf4, I)JLvAX, JRPA% 
Atl 5 FOR"ATC411 

11! WR1TF(5. V)tLI, DL ;, DL3, DL&. DLS 
114 6QITE(5,2! )C&I, Dc i, DQ3, D1: A, DR 5 

. 
1i ! AS, *z, w A4A1, Jf'A%, JLP&X, jR'4AX 

Ali WRI I Et 1,7 ) KGROUP, KAPP KP INT, kR UN N. " SSE % A4-; X JP AI, JLPAZ JR FOAX 
101! 0AT (6. rc 
FORMAT I//////// //SLX, l &HC; DUP %U! ýBZR X'11.1fix, 

. 
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C419 *32,91STW, 112) 
641 &ISvDIST(1I, 1S1 
644 Do 2 loto.! 

- 11 S. 
- --- t(l. 1. ) at IL ! M-112 ( 11) 151.1 

64t tL( 1)2 CX I, 11) -1 StI 1: IS 
t4'7 CCkIthUE 
6414 c 

f5c 
is. 04 F111(tIC3, U0! L( Z)-f U. 2) 'ILL MJ 
&so 
is! 0(2,2)s0ejtP 
04 P(Z, I)BPI$tp - Is! E(; '3)&pljtp 6st C: 

ISE 
Ass SlqCF( %.! )a, tz.; )) -. --- - 46t . 640 
I&I I(I'l) -ýLlts ---- -- -. -- -, -- - (67 F(I. 2)*Svits 
W 
164 C 



386a 

16! C LOCATING ACTUAL SHCULCER JOIhT CENIR-'S 
Mc 
967 00 4 121 

165 
f7t 4 CONTINUE 

('12 C CH ECK FOR 0RIlCGONPLlIT OF FIATPIX 

CALL CmECO(fl, l) 
RETURN 
[No 

c 

675 SU? qCuIlNl MAT P(v k, C, I-I, -J,! ' K) - is cC at so of *tell et a Ott, 0* 00 a SO to***** 40*0 *0 4 0* 
is Ic 
is 2C PE IFOR"S C(llI, PJýwV(PlI. "K)OW(MK, HJ) 

. 
is! C IPIFCOTANY :HC, V, w 51-CULD eE WENS10LD-14 
it, 4C IKE CALLINC FROGQA"- AS (3*3) ARRAYS.. It 
is !c 
is 4 CIPI hS 10 h Ct"I 14J ), V( Ml, rK )V VtK, rJ 

.. 
is? to 71 12.1, Irl 
is a to 71 JmkI. fJ 

19c 00 72 K21, PX 
M CCRCC#Vtlx)*W(K, J) 

- 02 MCONTINUE 
f9! CCI, JCC 
694 M CONTINUE 
L91 

. .... . _kETURN d96 END 
i97 c 
JqF C 
19q $UaROUTINI CPECX(E, TO) 
7t3 C at it at 0 it SO, it 
XIC 
71,12 C TO CHSECK FOR MPOCONALITY OF CC PATRIX 
7C3. C CALCULATES TPI tETERl*I%APlT Of THE ! IATAII 
7114 C 
713 !- 01PENSIOK EC!,! ) 
7G6 -TANG (I ,1 )4 (p (2 2) is (3 3)-E (3, z) OR (2 
7C7 TeaP (2,1 ), 10 (12) te 3)-b (3,2 )*E (I S) 
70? TCzEl (3,1 )4 (E (12) is (2,3)-P (2,2 
Ul lOsTA-Te-OIC 
71C RETURN 

71 iC 
713 C*&&O***, &***6**d**&****q*O*6 
714 FUNCTION tIST (A, e) 
715 C 60 
? If c 

ZI 7C CALCULATES t MANCE BETalEEI'L TWC p ClUTS 
? IF C 
710 0 1!, E NS 10 hA (3 0C 1) 
721, DIPIENS 10 h9 (1 
22.1 

- 
722 

_, _-Do ,,:? 111: 1.3 
- I) VC e(r )-A CI 

-121, ISO fRC 1) 
72.4 107 CONTINUE 
72t - -- 

----- 
=, -. -J. 

27 
____RETU4N 72A END 

FINI SH 

am. 



Listings of job control macro "'RUNKUTS" 

and program 'KZNEMATZCS' 
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387a 

FUNKMT. 4 

SP N', %A) 

2- sP%A1 
S P-T CXA. ) (L) --7--= Z- 

ý- -A L08 IN KM T -'-7 --: - `- ----:, -! : --'- 
S-T IM E., 

-A MINS. - :: = I- 6A S-* CR 2 A-; z--. -- 
-. 7 -AS. -* CR 1., XN ST XV-- 

==-. NA -- --- .. -. - :_----. - -- --. - --. --. - .- -- .-- 
-i 

c4s .*CP2, 
XVZV: 

-1-1- A S.. * CP 3, %NAAlV-., ý. r-- .-- --- =- ý, =: -- %=-.: 

RUN 
tL F- 7-L hLKXVA CP- -0*. NL 

-. ELI-6ýTF-JULTED-AAH) 

113 OK-). Y- 
R-D 

7. ii-- E,. tL--- X-N cDX. ---- --=: - - -- --- 
ZI FR--tt, 'P-XZV-- '77 

E. R -N 
ER%V 

LR--%, KatA. X V 
U. -P STA GIE(5 )----E ECUT-EUý--ItIC CISSILL 

2- -rE J 
6-ý5-. NDIOKAY 

2 7- D-P-Q. ,ERR0R IN- S-1-IGE-U)---Lý-LEASE-CF-E-C-K 

-S JNCNE, RI(CHECKK F- 7 S-) 

- 



be. CU Ot hI AINEPATICS 387 

rqc(. R A% (I IN( A AT Its) 
INDUT ZmCFC 
INPUT 3aCI1 
CUIPUT 4at PC 
OUTPUT sit te I 

9 OU YP UT 6eC02 
I OUTPUT ? act! 
I OUTPUT 3aLF. 1 
9 TAAC E2 
( 
IC 

12 C 
IiC IN rut AND CUMT C1-A4%kLS 109 110C, 11hIPATICS 
14 C lip -a- JOIPI COCRO10-ATES 
I! c it 9-3- *bt * PAT AI I C? SEC! 1 I ht 
16 C of F-4- LI h ISP V KO t ITT __ o. - ___ 17 C off 5- LINEOR ACCEL! #ATIO% 
IIC off 6- AsMAR MCCITY 
IS C0 IF 7- AN GILA A At CI tit AII CI# 
atC of Pa- DATA C14ECK-041.161%. VALULS 

21, C 
2: C St AGE M0 COPTID EY J APES. StH, PIOCKG.. UNIT 
24 C 
2! C IN IS PROGRAM CILCULATt! 7111 LINEAR 
21 C OF IN[ JC1 NT (INT1 tS 1%0 0 Ll C, IPE _AN0 UL #R. VEIL* CI It t2 Alit 
27 C At CELEq A It 04 01 1" 1S ICOLNTS ALL . PE SULTZ .?, $ Z, -Ejtr JkLIZE5 jj[Lj TlvL-____ 
2fC To 710L 0CU140 PEYEtEkti 
29 C 
. vr C *6 at see *6* #a 44 0*0# **a at *41 *** *- 
31 PASTER KIP101TICS 

3; C *a 
32 C 
34 C FO P 

ý#. 
OPENCLATM #MPSE SEE PREVIOUS PROSkAuS Lj_&_Tjýj___ 

3! C as gaseous* an aI seen gas stallossea **Devastates of Do so-st. e't tt%_ 
36 C 
37 014[kSlOh 
3 16 

- 
OIPEI. Slok M, D, W. 31, W. 3) 

3; DIPENSIOK 10.180 
4C btleiRSION IM 
4.1 DIPENSION C-t( 

4? C READING IN 14EACER 100MIAMIN PROw FILES JCI%T CCONAlhAM Alit 
44 C SE011ENT PATIMS 42ENEAMD FRON' PItVttUS STAU OF F&CCRAPPI016. 
4! Cd $1TtNG OUT MFUL IWFC. t'l CLIPUT FILES 
41 C-C - INTECER AIRAT C3111A141142 MIADEA, tL#ZP&I: C! t 
'47 C 
AE NEAD (2,1 ) P(ROU9,040PP, 407"IT ýNQ U%, -j CAH PAPA I J" At JL-4t JIPAI 
49___, __ PEAD(3,1)0 
5C W11171(4, Z)v 
51 

-- bRITI(S. 219 
52 1061TE(d, I)II 
5! 
SA C 
5! C it WA I- PAR. * IkU-JER -C- 
se C it Pki - Rat.. &uP%FQ to Fmants &FIX$ : %t btalvArtoig 
57 C DE I. - DATA 99PPLINC IV T(%VAL(Ift %10 
5P. * JOINAVAJI'Al-4, 

I----- 59 JKPA11qJPj)-e 
6C I1L*;. C2 
a1 
62 C 
4! C SOLVTICN Of VILCCIIICIS 

65 
61 
67 41time'v) 
6 It 90 5 let,! 
is 50 & J21.4oki 
TE POS(J)ax(1. i) 
7! 1 to 14 11 N V1 
72 CALL 0 It CtEL'qrsJ-Aff, J§PAw. Vf0 
?! *40, Ax8,3 
74 mR I" cc 
7! to I ibel'40AV 
71 1b(V. 'Jt)w%FLtit) 

ZS 
it 

t cola I 
I %p A 12% tt r 

jolejo 

34 24 4401%6%2! 1 
Is J311jo -. - ____ .. - -_ -- ----- 
se I CO%Tlkvt 
A) %#41 It( P. 2 CIJNT!. l itl viLtj&l ). it?. "L tj. -2) IF I tO4T1%UE 

it C 
91 C $0 LUTIC14 Of ACCILECATIC4 DATA 
9; C 



388a 
I? WRIrE0, N) 
94 Do ? PC 10: 1,3 
4t to ICI Jt rIdEPWAV 
90 ViL(JID)a lt(I, JP) 
07 10 q CO%TI, 4US 
*A CALL DIF(tIL, V%oJtmAX, JKPAX, PCE) 
cc his At RG 

WE Nplitus 
1aI CO 1 C2 JK it 1, Jot PA it 
IV; Ac CI OJ K) a8 CE (J0 
13! PIRIFRIFtl (iCO*ACf(JK)) 
lid IF (031 F. GI No A 1) fC TO 27 
135 IF 14; E F CIO 23 
lot C-010 102 
Ic? 2 NY' A2 ON REI 
I I., fJK 19 JK 
I; q I-OIL, IC2 
IIL 2P NMIN*NREP 
Ii I JK2*JK 

*11 102 CONTINUE 
M WR ITE( 1.2 )JNTII, I JK I AC E (JK I Jlf 2, ACE (J V2 
114 1CC0NIIN UE 
11 i WRIMS, 11)(CACCI, JK), Inl,! ), JK81, JK! IAT) 

. 
116 CO NIIhUE 

.. 17 c 
: 11 aC 01 FFfRENTIATIhf D. C.. FATIRICES 

. 
IT; C 
12 C. WR IT fC8,4: 1 
121 DO 15 MSEC21, E, 

12 2 PEA b (3 ,IC. ) (C (S (I IJ, J .1 JOý1,3 lul, 3) , Jul, JPrA% 

. 122 DO 14 lat.! 
: 12 A to Ii IJ10,3 
129. DO I: Jul JwAx 
121 P0S(J)a; CI, Ij, J) 

.. 27 12 CONT INUE 
. 21 CALL DIF (tFL, PCS, JMAX, J0P'AV, VLL) 

. 125 00 13 Jc2: 1, J0"Ax 
13 C RD CIIJ, J 0zVE L0t 

1! CONTINUE 

. 132 C*ONTI NUE 

. 
13 : 14 CONTINUE 
134 C 

. ts !C SOLUTION FOR W1 VELD, CITYý--- 
13 et 
13 7 00 1? JDvt1, JtmAX 
13 f JJmJD#2 
139 00 16 IxI, 3 

is IJ-ti, 3 
li ) OF I I'li Ji 

. 14 1d CONTINUE 
: 14 4 CALL OMEG 11,70.0- 
. 116! Do Sc 

-- . 
14f "S C OME(IK, JD)20M(IK) 

17 CONTINUE 
WRITE( 6,1 13C (0 PeC lx, J 0 ), 11L z1,33, J ta '? -, j ZrJLX 

14; C 
'IS f, C SOLUTION FOR 4WG ACCELERATION 

is z to 51 lfzt!, 3 
. 
15 i No AI sti 
154 

- 
XMINVO 

is ! to 52 jig: %jowlif 

. 
156 VELCJJ ) wC P MK Ji) 

. 
IS7 NREF21 FIX t%, '* VEL (JJ) 
Isp IF (NQE F. Gl. k'*AY) C, CIO 29 
ibs IF(%R1F 11 h) rC 11) 3 

. 
16 r f0TV S2 
it 12 NPAXzNREF 
16 z JJIzJJ 
16 ! COTO 52 
164 k1'I%2NPEF 

. 16 ! JJ 2 JJ 
164 C014TINUE 
167 WRITM, z! ) 

. 161 LSEGJJ1VfL (J J1JJ2V2LCJJZ 
16; CALL DIF (EEL, VEL, JZ'AX, JvvAX, A. C) 

v all 
.71 NIP 1 11 51 
171 00 51 JJ40.1it"Al 

F &I F is IC C Iii 
n 
32 

M EOT3 53 
Ili 3: 1 NwAlw%; SF 
17; JJI'1JJ 
W COTO 53 
141 3i NP-IN314RE F 
l8i Jj2SjJ 

CONTINUE 
-134 WRITEU, 20 

WR I (E( F, 2 ONSEC, I x, JJ I, ACC NJ 1), J J2 'Ac C( JJ Z 
CONTIVIVE 

147 WRI 7F(?, 11) ( (OPEt% (TK, JJ), Tltzl .! ). JJ ji, J-e wk Y) 
t IS Cat. T IN[)[ 



! *? i rcpu or te rt ) 388 
lar Z1 folvar (11.111)) 
4. ) 11C PONWAT 1! 1( .0 
1ý; It 104OST(Im ! fitj) 
133 2( P04047 (I A 1! 111b. A I:, .:. t S. 1 
194 21 FORWAT (I :ý1.14 0 Vito) 
19 !2 lot's AT (UP L1% * ACCILO 
194 z 10914AT(10 ANG 

-o 
VIL. ) 

. 
107 2A F040ST (Iat Amet.. @ a CCw 1, 'j 

FOSOAT (; ýJr is,! $# %I IS,! 1'? P4'41 lot-, # 
FOO"AT 46 1 0- A1 IS'3 1,11-vat jai IPA, at 

'STOP 
4 

202 C 
2 j! Ca4 to 4 off at of* 4660410640 40,166066 to as* 

N& SUPROUTIA11 
2:! Cfa to of a*$* aaa as# a6 44 of sees a foe 41#06 of# so *to 
2ce c 
1. ) )C Too IS SU144OUTIOI PLIFO&PS 1041 01VOIDICAL sip rtal4tt"10-4, 
lap c To OMITAth VFLCCITY 00 AMUNAT30% 
I: c C 
21C Cu -ARRAY TC rE 0 Irr (RENTIMA; tIO#kSI0% a WA; 
211 C ARRAY I ACVLO ALIC Of 0 1"INS 106th At Iw # CALL IN& stitome 

.- 212 C AD -IWt tISttTIkG A99AT., DI"&%SIC1d a NAD a %A-4_ 
zIIC MAY PrULD At Ift' TE D1wt%StC, 41 0 AT Tom t.. CPLL t%A 
214 C DELTA-S$rPLI16( TIPI IMML 
WC 
Z16 c 
211 wn)'i'tvqAbioý 
210 Do I Ifti'viso 
21; so 2 jai, !. 

-. __ ---_. :2 11 W814J-1 
22 1 FWUUM 
22 CONTINUt 
22 SO (I)a (P to )-w . c*A (1 )4 6 61; o1k 

OETLION 
22e IND 
UIC 
22! C 46 46060e*4b of as$* GO fee so** 
22C SUPOCUTtht Cut 4(TP, Tw50I, 3w(M 
'SC C 44 0464060eat 0064 4#666 2660s4446 66064400*0660446 

;31C 
232 C 
23 !C 3UPOCUTINt SCMS P04 To, ( 0! ýW; Tt A4PJL84 V&'LOCITT-. - CmCk 
'154 C IN TIRPS OF III FIVID STST111 CIF CCO401%4tts 
i3 !c 
231 C SUORCUTI%! CALLS fCX PATol 
23 ?C 
US C 74 41vik INA4s*o; u4Tlc4 1161`8111 cwt 111robletpevtom"6) 
i3 5C TO I TRANSIF. If C? Ittstsfat"4tJON WAT112tTo') 
Z4 Cc TO COT rblvf% tfplv&Tlvf . 
; 41 C 
Z4 2C 

I lot :1 ! ". 0) , C-tc At 
Z4 4 CIPENSIOL 
i4 ! stioths1cf. C(?. 3), %c3v3), %, (1o! ) 
241 01"Ekslok M'? ) 
247 C 

ý__M t jj*4&PQ&IkG It[ Tft#%SjCR%AtICN PAT211 

ISE 1.0 
'I 

ImI.: 
251 to IJaI,! 

;5 CONTINUE 
i54 C. 
2s! C DO latpoTel"T 
25t CALL MAIN It-M, YPT.. ) . 1.!. 1) 

251 c O-EGA flPSISM th TP& fItIt STSTIO. 
; 5q 

116 c ZrIcA(2)wt(1'3) 
iit 'jP'! GA(3)mt(; 'Ij 26 RETUCk 
i6 IND 
264 C 

.0 .j1C at so *41004400 

; S7 C 

76 AC 
:3P. C PE tFQ4 PSCI o9j) Ov( aI lot It wo" j 
211' CIP CC A We 1 : 11 C. V, at PtL-L z '. I' t '. 31 CN t5 *. % 
ý? IC 9PE CALLI%( 9406FAP J$ Oe! ) 42F %it .U ; 7; C 

blvt. 14 to% Cl" I lei ). Vtv I'vc J. v clow, vi 

1? 5 to rI is I . -j ir i CC DZ .; - __ Z? 1 *0 72 KV1,01 I- __ --_. _- ___ 
US ?i CONTINut 
281. C(I J) sc C 

71 CONTIduE 
aI Tt: %4 
IND 



Listings of job control macro 'RUNKVTS* 

and program wuNsricst 
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390a 

D. OCU-M. E N IS... 

. $- P %A 

.7s 12) 
-- . ___; -- --ýt ý '- 'I 

( %A. ) 
-( 

. -. 
$ P 

-. 
M.,, p 

(. 7 A )ý (l 
, 2. ) 

J S-- 
114 E- 3 IA IN 

7- A 5--t--C RCPT7. V 

-4-AS CRI,, %A 

-9-A-S 
CR. 2 

. 
%NST%V--.. 

- ZNAC%V '11 
-ULt. Q3, ---' . 7- 

CIR 4,7 NAY%V 
2 -A 5 -. k. CR 5, V4AA %V 

k-U--t-7 kD Ll %L 

-* 
LP,..; '.. %N FO%V: ý--*. -ý--------: -. 

. 1-7- A $Lý LP1 
--X 

t4 M0%V 
- I. -M ,'' -Al P- EN %-Y.: 

-- 1'ý RUN-- 
F-DE LE-T E 

-c 
OKA 

-Z--l-GDTO--6--NGTOK. AY-- 
0 Z- A Y. 

V-R N 
ýft 

AMN FO. Z V FýT, F A. R- 
ýýýALR 4.. FUN. M YP T "R : =- -, -- EL EMYX M% TXVi 

-Alý( 
7. N mozv)- 

Z-ý-ýR J 
.. -T-EL 

EM Z ZMZT% V., FUN T ý! 
-A 

R-A *1*-N. FO %V 
JT 

-ELEFX%1'7.. 
T7. V ýUNT CFIýl PARAM (ZKFOZV) 

ZJAJ T ELEFY%M%T%V lZUMF CPT Y, PARAM NFOXV) 
jýý: R. J': 'T. ELEFZ%M%T% V FqNF. CPT Z PARAM (7. NFO%V) 

-: - '- -- -- -- - -- -- . : -- --- =- 
29RJT Eýt4% T; V ,? -- _PN 

ENE Q C-Y, PýARAM ( %NEN'%V) 
3T-DIP f) STAGE (6) E)ECUTED SUCCESSFU. LLY 

-x- -ý . _-: - -ý- -. -, .-7- 7- = ý-. z :. ----- -- ---- - i-ER - 10 CXV -- -- - ':: 
1--. E R-X NAAZV 

ER% NPTXV 

_3 . 
5- ERNAV%V 

EJ 
3.7 6 NO IOKAY 
3F DP D ERRC-R IN SlAr-E 6) PLEASE 

-CHE-CK, 39 EJ N CNE, RT (CHECgrNTS 
4( 
41 DG 



CVCIJ In th T orsk L rl cl 390 

PROLIAP(w The. ?I CS I 
INPUT IaC0C 
INPUT ? lctl 
IN PUT I" Cpa 

4 INPUT 4mca! 
I Of PU 15aCa0 

e INPUT $$CA! 
7 INPUT ?, %C at 
F INPUT tell( 
4 INPUT SSTRI 

OUTPUT lcatpi 
CUTP VIII Lo i 

II CUTPuT iistp? 
? TRACF 
I END 

Is C 
IC INPUT A40 QUIOLT COINMI POO 0406. 

17 C it rI- PATItNT01 I%FCIOATICk 
IF c I/ p2- J014T COMIkOlEs 
19 C 11 a I. - loco 00TRIV Of SEG"M 
2C t 11 p4- LINIAS ACCILIAATLQ% 
21 cIIPI-A? 46V L0tVý LO CItv 
2: c lit 6- Ald&UL$g ACCELIPATION 
2! C It 97- LINE&$ VILCCTI 
24 CIIpE- FORCE 11filt C141MM) 
21 C It 00- FORCI ILATI T16C(4Jf"T)_ 
Ze C a/ P 13 - sacume Forct 
27 C 01 P li m JOT $41 POO th T 

22 c 01 P 12 INIA(T LIVIL CF Sti-Ptilt 
24C c 
3Cc 

C ST#GI (6) #D2PTf5 
32 C 
11 C 714 IS PROGRAl' 111FOR"! 1"1- FCLLCWI"ft RL`4CTI-Co1__1'ý_. __ý_ 

ja C I.. ) CJLCULIIZS INC CITIRWOL POICIS A%D 93OWS At- TV-1- 
]! C. "10,104 If AN 0 APvLe J01111% Of *CTM LIS 3 
3e C 2. ) CALCULS111 I"t lhttgy LtvtL Co. T" I 
A? C TI-1614,11-ARC A%t FOOT OF-10T. Lie... 

_ 31 C 
3 r- C 
4c PASTIR FlItTICS 

41 C ** qk***qGQ*** of&*&* 41*0 see*&* 
4; c 
41 C 
44 c 001trCLATUNE 
4! C its smassawass 
4( C J3IkT IXtEXINI: A1 *1*4 KJ 2.5 lij 
IIC NO 1% T-0A TI fkI ItO 
Az C I, a J-N - TEST OL4 11C, 
49 t J! l Al - TOTAL 14, CF ItLP FAXIES 

No .CI F@Jk? ES- IN SECCk3 ZIRIVATIVE 

--NO. C. 1JaAFLS. _*. N f1l1'L_3*1. RIVA *IVL- 
t JLFAT - TOTAL 00. CY 

_'I%A! mES 11011 LEFT UALIL. "d CTCLIL 
31 C JROAV --TOTAL 00. C1 19AFE3 FOR VIC"T V; LCL%t CYCLt- 
547C M2 20t; P AVOLTATIC% LSVEL: 1-409NOL: I-elf: '-A/c 

__55 C NAIP INIPUIAIEt 31.21. 
C To 70TAL FC2? IA: S 

37 C S4': E S140E PISS 
St c: St c- SEGRIE01 'PASS 7 
3; c FI%T; SI%T, Tt%l -INERTIA OF FAQVIMM FC:?, 31-AL1t. T14tCM 
6'. '. FWAS. SQAS.? '8#j -IFASS CP PROSIRVIC F, %CT. Imjk%'t. T0I9,4 

--dic F*CJw, 3t. *o`, T3Cv -C. P. Ct vQ1STwS! 1C 
.= 62 C 1.11 - JOINT MOD. 01 A 9ARTICULAI VRCýt 

- 
S3 C A. RI 'ý- JO Ift I FCS1 'IC % VNI '31 Vp SLID ISTAL I 
6i C A, &I - ABS. StCtLf*A It. -% tPQ. -1 : -ALIZI &TILI 
6! C V. VI - LINE#$ VELCCI 19 (P4J111l%LWSIAL) 
6t C OF -PCSITICA CF IND. 9.0. ZINTRE TC CE41`41 3f CMILL 
17 C top. SYSTIN' 
61 C80C0001 It X (I fSE G" f 16 T 
&T C L20: _- ARRAY CC%1xI%1L? kS -ThE ! COOPC311111s Cr JCL%T-fttcL 
?cC AT jet ; ti-fs 7.1 C T2 tQ - MAT bITk thl ! J! IXT 

74 wifix i1of'sitt 
4EAL LOkC 

77 

9* ! Tot J(3. f: ). V(3. ss 

? Pltl.. Is) '9W) Tor it! ) 'If 34 c 
t 11 C et MNC- IhFQKPATIC% V ILL 
it C 
a REA 0 (1 2 11 CT-. !m-t 
&I tfso (1,3111%7, fla !, I: l CID 
8 Ic 9(A1(I! )! 1% 1,14 AI. S? ) C 
'IC READ (I. ' ). I. %T, INASJ. ' C" 
91 FCAWAT(20ý.. ') 

01 113 11 



391a 94 C 4E ADISr- IN NýWQ INVC. FROM FCRCC PLATE FILES 
9 4, C 
90 CALL HEADI-1, JL) 
97 CALL HEAD Ir, JR R) 
9fC 

'44 C RE MNO IN FIRST RCV IRO" ALL OTHER FILES 
11c C 
IýI FEAD Q, 5 ) WOU F, N A0f`, NPTNT, %RUN, N CASE 1'A1*AX, JMAX, 
In? e JLM 41,14 rp. Iv 

RIAP0, S) VL 0 

US READ (5, S) 0% 
IN DEADC6, S) OL 
il? REAC (7, S) RL 

JR11JOD-i'll 
WRI 11 ( IC w7 XPTNT ,ý ! U4 J DD, JLO AY, J AX , T27M---- 

M2 UAllit il 7)NPTNT kPuk JDD, JL, %IAY, J CIA PX, TOVA 
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