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ABSTRACT

The study has investigated some load aspects of the gait of elderly, vascular,

lower limb amputees in early stage of rehabilitation, in day to day realistic

conditions.

The aims were: 1) to understand the gait of recent vascular amputees better, 2)

to quantify mechanical loads with two different assistive walking devices.

To reach these targets: a removable novel pylon transducer was designed; a

fully portable data acquisition system and instrumented canes were used.

The new pylon transducer comprised two main parts so that the prosthesis did
not need to be altered: 1) an « aluminium bell » placed within the prosthetic shank
tube, having a flange at its base on which the tube of the prosthesis comes to bear; 2)

the body of the transducer located inside the bell with an upper contact flange and
having clearance to allow the bonding of strain gauges in four levels. A full
calibration of the six channels followed by static and dynamic validation tests has

been undertaken. They showed a mean accuracy of 7 % with a sufficient linearity to

be confident in the provided results.

Data were recorded through an eight channels 12-bit data acquisition system.
At a sampling frequency of 64Hz, the recording duration was 1 hour.

Two series of patients have been included in the sample: 30 transtibial and 10

transfemoral amputees.

A new pattern for the vertical ground reaction force is described: the second
peak was absent, evidently transmitted by the load on the walking devices. The mean
load on the walking devices was 35 percent of the body weight. It was also shown
that the walking devices not only transmitted axial load but also assisted in the

forward acceleration of the body.

Three typical gait patterns have been found in the temporal parameters of the

gait but none could be discerned for the load distribution.
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1 INTRODUCTION

1.1 _INITIAL CONSIDERATIONS

In countries such as Great Britain and France, with the “baby boom”
generation entering middle age, health care systems will soon be expected to service
a large senior citizen population. This may lead to an increase in the number of
elderly amputees since non-traumatic loss of a limb is most prevalent in the aged.
Therefore, peripheral vascular disease, which is the most common way to lose a
lower limb for elderly people, is increasing. This illness follows the ageing of the
population and its prevalence is increased by the better long-term survival of diabetes

mellitus patients and some bad habits such as tobacco smocking (especially in the

female population) or a fatty diet.

In some cases, the final step of the peripheral vascular disease (PVD) is an
amputation in which three levels can be recognised: transfemoral, transtibial, and
partial foot. According to statistical studies conducted in the Western World by

various National Health Services and quoted by De Frang ef al. (1991) for USA,
Condie et al. (1996) for Scotland and Germanaud (1996) in France, the new PVD

amputee/population ratio is about 0.144 %o, per year, in Northern Europe and
America.

Due to the high level of this population of recent vascular amputees, a plan to
study the biomechanics of the gait of these subjects was made, having the main target
to improve the rehabilitation process of the patients attending the author’s centre.
There is a lack of gait studies concerning PVD patients, which is due to patient
variability and the complexity in obtaining a standardised population with common
characteristics. This is particularly true for new vascular amputees experiencing

problems with their residual limb, general health and stump pain. Rehabilitation to
satisfactory patterns of movement takes a long time after surgery, most of the
patients are thus discharged from the rehabilitation centre before stabilisation of the
gait pattern. It is therefore difficult to have a large enough controlled population of
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new PVD amputees (Ottenbacher, 19935). Clinical case reports are common but offer
few objective data. Most research on peripheral vascular disease amputees is
conducted at least six months after the end of their rehabilitation training (Anderson,
1995; Czerniecki et al., 1990; Powers et al., 1996; Subbarao, 1995). Furthermore, in
scientific research on amputees gait, most of the papers published are on reasonably
fit young traumatic amputees. One of the strongest beliefs of the author of this thesis
is that vascular amputees are totally different from traumatic ones, since the main

characteristics of these patients are the following:
1. probable short survival;
2. elderly people;
3. concurrent medical problems.

The two first points highlight the fragility of the population while the third one
exhibits the large diversity of the patients. Moreover, this difference, between
vascular and traumatic amputees, is not only survival, age or polypathology but also
the choice of the prosthesis, the immediate goal, and the daily job. It is relevant that
these elderly subjects have not the same target as the young who have their whole
future before them. For example, the elderly dysvascular diabetic amputee who
comprises greater than 60 % of the amputee population may only have the functional
goals of independence in self care, with minimal household and community
ambulation. In contrast, the young traumatic amputees, at the conclusion of
rehabilitation, are very hopeful of taking part of sports and have the vocational goal
of working. Can the results of investigations in young traumatic amputees be
generalised and applied to the elderly? The answer of this question, in the opinion of
the author, who has worked for more than 25 years with PVD amputees, must be
negative. Therefore, it is a not reasonable to compare traumatic amputees data with

those obtained from vascular patients’ biomechanical studies. In other words, 1t is

necessary to obtain specific elderly vascular amputees’ benchmark data, especially

from those who have recently lost a lower limb.

Another important consideration must be highlighted: the type of surgery and the

amputation level in vascular disease is important in comparing the final outcomes of



patients coming from different countries or surgical teams. In other words, it seems
to the author of this work that the test patients of this project were usually amputated
at a lower level than patients reported in the literature, following the method
introduced in France by a vascular surgeon (Cormier, 1982; see section 2.1.3) and
since widely adopted in France. The importance of a low level of amputation is well
known since a long time (Murdoch, 1967) but all the consequences of such a low
level were not enough emphasised. Due to both post-surgical and revascularisation
oedema, the stump must be left with a large open wound and the healing 1s delayed.
However, the prognosis of tissue viability in relation with the amputation level
selection is affected by a by-pass surgery, an early limb fitting with adapted
physiotherapy and influenced by the general status of the patient (see chapter 11,
volume 2). For example, a transtibial amputee could be a transfemoral in another
surgical, social or economical background. If it is so, the patient, amputated at a
lower level, suffers more pain with a residual limb in a bad condition and a general
status more precarious than a patient being amputated at a higher level. This
important remark could explain the lower level of outcomes, at discharge time,
between most of the patients having their rehabilitation process in the Villiers-Saint-
Denis (VSD) Centre and other patients described in the literature. Most of our
patients use at least one walking aid while, in other rehabilitation centres, it appears
that patients do not use any walking aid. By the end of six months of rehabilitation,
the percentage of patients from the VSD Centre who were able to walk without aids
was apparently significantly lower than that achieved in some other centres (Durance
et al.,, 1989; Collin et al., 1992; Pinzur et al., 1993; Hubbard & McElroy, 1994;
Leung et al., 1996). Despite this surgical difference and thus, the difficulty of
comparing the patients’ results from different rehabilitation teams, the launching of a

biomechanical study of the gait pattern of VSD patients was necessary to provide an
assessment tool to the physiotherapist staff of the VSD Rehabilitation Centre.

Due to the lack of clinical evaluation tools, it was difficult to assert why VSD
patients had such a functional outcome. Some hypotheses could be suggested: low

gait rate, insufficient practice in the use of both the prosthesis and the walking aids,




hospital stay too short, residual stump wound at hospital discharge, ... This list is not

limited.

To check the validity of the two first assumptions (low gait rate and inefficient

practice concerning the assisted prosthetic gait), a clinical evaluation tool to study the

gait of new vascular amputees was found necessary.

Studying the literature (see section 2.2.3), it was unexpected to detect another
important lack of research concerning the biomechanic of the assisted-gait of
amputees. The main problems, such as: axial forces, moments and torque, strain
balance between the forearm counter load and the stick handle, were not studied.
Consequently, one of the main purposes of the work presented below is to remedy

this deficiency in research on recent vascular amputees assisted-gait.

Two further considerations may be stated. If the relevant literature is surveyed,
it is surprising to see how little attention is given to the quantitative assessment of the
errors, which affect the results of gait analyses (Cappozzo, 1991; Boonstra et al.,
1993). Therefore, particular attention is paid in this work to validation tests of all the
devices used. Without full awareness of the inaccuracy, any attempt to clinically
validate these methods is doomed to failure. The second consideration refers to what
may be termed “inter-disciplinary disagreement”: that is, the ever lasting
communication problem between engineers and clinicians, a communication problem

which goes well beyond the difficulty in transferring information and involves the

will to collaborate.

This is why the work presented in this thesis has the intent to be a
"communication interface"” between the biomechanical scientific and the basic
physiotherapy world (Cappozzo, 1991). On the other hand, this work might offer the
possibility of bridging the conceptual gap between every day clinical practice and
scientific gait analysis techniques. It might also serve as a starting point in providing

knowledge of biomechanics to physiotherapists, working in the amputation field.

1.2 AMPUTEE POPULATION UNDER CONSIDERATION

The hospital in which the author of this thesis has worked for more than 25
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years includes a Vascular Rehabilitation Unit linked with a limb-fitting centre. It is
possible to say that the vascular rehabilitation unit of Villiers-Saint-Denis is one of
the largest in France 1n respect of the number of amputees and prostheses fitted. The

patients appear to be identical to those found in other places in the Western World
(except the surgical dissimilarity mentioned above). They are discharged from the
Rehabilitation Centre within six months of the amputation surgery. This comment

requires the following remarks:

e Most of the subjects use walking aids such as canes, sticks, or frames, even

6 months after surgery.

e Most of the patients are elderly and fragile. This is why most of them cannot

usually walk outside and use a staircase without a banister. Following the methods

described by Day (1981) and O’Toole et al. (1985), their daily activity score is low.

Their Russek’s score was usually between 2 and 3 instead of 3 and 4 1n Scotland at

in-patient discharge (Condie et al., 1996).

e Most of the subjects have pain and an unhealed stump wound. Therefore,

they have a fluctuating gait pattern.

This is why, in the following chapters, all the subjects have been tested within

six months after amputation and were using two walking aids.

1.3 MAIN RESEARCH PURPOSES

During a conference in Chicago, in 1992, reported by Michael & Bowker
(1994), on prosthetics and orthotics research for the twenty-first century, one
important goal was to highlight areas where research results were expected to be

clinically relevant, thereby directly benefiting lower limb amputees.

There are two major steps in research: fundamental studies and clinical

evaluation. That 1s for maximum patient benefit, research should strive for
developments that can ultimately culminate in clinical, practical, integrated and

affordable techniques.

Consequently, the aims of this project are in decreasing order of importance:




e To develop a temporal and kinetic gait study of vascular amputees in
realistic conditions and daily rehabilitation, at an early stage of this activity, to assess
and improve the rehabilitation of patients, and to provide objective indications and
contraindications during the physiotherapy process, to verify some hypotheses

concerning the final level of the functional outcomes of patients.

This target 1s given despite the misgiving of Paul (1994) who reported:
“Although equipment is available which would allow easy acquisition of kinematic
and kinetic data, its capital and running costs and the time required for test subject

preparation and data analysis, generally militate against extensive utilisation in the

clinical scene.”.

For clinical gait analysis, the objective must be clearly specified at the outset.
Over - optimistic purchases of sophisticated equipment have frequently led to
disappointment, disillusion, and rejection of gait analysis in routine tasks.
Consequently, the feasibility of employing such a system in a clinical setting must be
evaluated in terms of cost, simplicity of use, encumbrance for the patient, time taken
to obtain the results, the manner of results presentation, and finally, accuracy. As in
everything, there are no easy solutions, but there is no doubt that wisely chosen

equipment, used with care and thought, allows better assessment of the patients.

Therefore, particular attention is paid to these points, especially the
convenience of routine use of all the designed devices. Because it is a plain kinetic
study without any measurement of joint range of motions and gait velocity, the
research could be named “gait monitoring” rather than “gait assessment” or “gait
analysis” (see the following chapter 2). Besides its direct use in treatment planning,
gait monitoring is also a powerful research tool, particularly in assessing the outcome

of different forms of physiotherapist treatment.

e To understand the gait patterns of amputees using different walking

aids with the major objective of improving the advice physiotherapists give to

patients.

Therefore, from these two points, it is possible to indicate one purpose of this

work. The intent was to develop a “physiotherapy tool” that therapists could use to



study day-to-day tasks. Furthermore, present treatment guidelines are typically

subjective and lacking in scientific assessment to prove their efficiency (Durance,

1989; Biefang & Potthof, 1995).

e To compare walking behaviour and gait patterns when the same

patient uses successively the provisional Plaster of Paris socket then the definitive

acrylic resin socket.

e To iIncrease benchmark data for elderly vascular amputees in
correlation with those found in the literature (ISO, the Philadelphia Report 1978),
(Lovely 1981), (Pashalides 1989), (Hubbard & McElroy 1994). Especially, when
patients are using their prosthesis in daily use: outside the gait laboratory, to compare

the performance of individual patients with averages from an established database

and to accelerate the introduction of research findings into clinical practice

application.

e To introduce the use of strain gauged transducers and rigorous

calibration in the rehabilitation field of amputees in France.

Because the author of this thesis is a physiotherapist, the main goal was not to
improve prostheses nor to evaluate the best prosthetic alignment but, to determine
which factors of rehabilitation affect both the quality and the quantity of patients'
ambulation. The opposite reasoning might be to exhibit the relationship between gait
patterns, specially the way of using the walking devices in assisted ambulation and

the rehabilitation process performed by the physiotherapist on the patient.

As previously stated, the study was conducted without any measurement of
joint range of motions. Furthermore, no measurements were performed concerning
the length of the prostheses, residual limb and thigh segment (for transtibial
amputees). Consequently, no calculations of hip or knee intersegmental moments

were conducted.

Thus, the common target shared with physiotherapy teams who work in this
field, that is data for elderly vascular amputees could be used to compare outcomes
with that of rehabilitated amputees in different programmes with different

philosophies, to ensure that they were chosen on merit, rather than on fashion. A
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spin-off was also to refute the common assertion (especially in France) that “what is
conspicuously missing is the collaboration between clinical practitioners and quality

researchers which will result in the most rapid advantages” (Becquet et al., 1996).

To reach this objective, some patients, both transtibial and transfemoral may be

followed all along their Rehabilitation Centre stay-in, at different stages of the
rehabilitation programme.

For many reasons in elderly PVD patients, such as age, stump length, pain,
health background (the list is not Iimited), it seems very difficult to compare patients
among themselves. It is easier with traumatic patients to have a “control population”
with a high enough activity score and established prosthesis users. It is also easier to

consider traumatic stumps when mature and suitable for any fitting.

Usually, as already stated above, the stay of vascular amputees at Villiers-
Saint-Denis Rehabilitation Centre is a few months, commencing two or three weeks
after amputation. The wound of the stump is never totally closed, even on discharge.

The stump volume is more or less still unstable.
This is why it seems significant to insist the criteria for patients inclusion:

1. peripheral Vascular Disease patient, including Buerger’s disease;

2. period since amputation less than six months but if it is longer the patient should

not be discharged from the Rehabilitation Centre;

3. presence of a stump wound which was never totally healed; this 1s why some

patients stay for a long time in the Centre;
4. stump pain or residual ache;

5. use of two canes but most often two sticks (see definition and difference in

section 2.6.7.3).

The last consequence of the weakness of the subjects was that it has not been
possible to perform all planned tests with all patients (i.e., stair, outside gait). This is
why the whole population was divided in several parts, each of them having its own

protocol (see section 8.3).



1.3.1 Formulation of the thesis objectives
From these initial considerations, it is possible to state the main objectives of

the presented work:

1. to develop a system for monitoring the gait of vascular amputees during the daily

rehabilitation programme, at an early stage of this activity,

2. to improve the rehabilitation process and the advice given by physiotherapists to

patients;

3. to attempt to acquire a knowledge of why VSD patients have commonly a less
efficient outcome — walking aids are widely used — than those trained in other
Rehabilitation Centres (Joublin & Joublin, 1986; Collin, ef al., 1992; Nagashima,
et al., 1993; Cutson, et al., 1994; Ng, et al., 1996).

To attain these targets, two intermediate steps were essential:
—> to understand the gait patterns of amputees using different walking aids;

—> to compare the walking behaviour and gait patterns when the same patient uses

successively a provisional Plaster of Paris socket then a definitive acrylic resin

socket.

Taking into account the above targets and the population studied, a tully
portable data acquisition system, totally carried by the patient, was necessary. The
author of this thesis did not wish to repeat the usual research process found in
literature: a patient walking artificially, straight between video cameras, trying to hit
a forceplate on the perfectly flat floor of a gait laboratory. It seems obvious that the
weak, old and impressionable amputees must change their gait pattern in such
surroundings (Grabiner et al., 1995; Paul, 1996). Therefore, it was obvious that the
patients might be studied in an environment similar to their usual gait-training

atmosphere.

1.4 NECESSARY DEVICES FOR THIS INVESTIGATION

A simple catalogue of essential devices is presented.

1. an easily removable pylon load transducer (sece chapters 3 & 4)
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being able to measure at least the six signals corresponding to the components of
ground force forwards, upwards and laterally, together with the moments of the
resultant force about the vertical, forward and lateral axes. Thus, there are:
Danterio-posterior and 2)lateral shear forces; 3)axial load; 4)anterio-posterior and
5)lateral moments plus 6)torque about the longitudinal axis of the prosthesis.
However, torque is usually very small and it could eventually be neglected without
any substantial decreasing the validity of the results. To reach this target, a new
transducer had to be designed. The rational choice of such a novel device and its
particular design 1s explained in the following section 2.3. A full calibration was
conducted. Paul (1994) strongly asserted the importance of such a calibration taking
regard of cross sensitivities (see chapter 6). Considering the removability of the
new transducer, its dimensions are small and thus, a thorough discussion must be

made about both the reliability and accuracy of it by means of some full validation

tests, having both static and dynamic aspects (see chapter 7).

2. two instrumented walking sticks or canes able to measure

accurately axial load. These devices must be calibrated and some validation tests

have to be done (see section 5.3.3).

3. a portable data recording unit, accurate and rehable, capable of
recording data from the transducer and walking sticks during sufficient time to test
patients in realistic day to day life situations (more than ten minutes). This device
must be carefully chosen to be fully compatible with the requirements for the gait

assessment. Running costs and time required for test and data analyses have to be

taken into account about the best choice (see section 5.2).

4. a computer program doing automatically the following tasks:
reading raw data, applying the calibration matrix, providing processed data in an
intelligible format such as graphs having standardised scales. Thus, it must be easy to

run from raw to processed data and friendly enough to be used by a non-computer

specialist such as a physiotherapist (see section 8.2).

The work presented in this thesis will show the efforts made to reach these

goals.
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2 PRELIMINARY STUDY

2.1 DESCRIPTION OF THE HOPITAL DE VILLIERS-SAINT-
DENIS, FRENCH REHABILITATION CENTRE

2.1.1 Historical Background
Villiers-Saint-Dentis is a small village of 798 inhabitants situated 80 kilometres

East of Paris, midway between the French Capital and Rheims. Ten per cent of the
village area is Champagne vineyards. Since the Middle Age, there has been a castle
nearby the village. The present day ‘“chiteau” was built in early 18th century. In

1927, the property owner gave it to a Private Hospital Foundation « La Renaissance

Sanitaire ».

This semi-public organisation had been founded a few years before to fight
tuberculosis. In the early thirties, three pavilions were built in a woody park of 45
hectares. The hospital started its activity with 750 beds as a sanatorium. The
buildings were abandoned during the Second World War and were re-opened from
1943 as a rest-hospital used for French Prisoners of War, coming back from

Germany. In 1948, the hospital was modernised and tuberculosis patients started

again to have treatment.

From the end of the sixties, the Centre Médico-Chirurgical had to address new
pathologies considering the changes and improvement in tuberculosis treatment. The

sanatorium started to be a Rehabilitation Centre.

Its administrative status is a non-profit private hospital, linked with the French
National Health Service. It works under state administrative supervision. Each year,
there 1s a discussion and a negotiation about the next budget between the hospital

board of governors and the government administration.

The new pathologies admitted since the late sixties were orthopaedic and
traumatic rehabilitation; cardiac health care; pneumology and peripheral vascular

disease rehabilitation linked with a limb-fitting centre.

In 1968, the first dysvascular amputee was admitted to a new unit that
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SPECIALITIES
Doctors of Medicine 4 2 PVD specialists
I Physiotherapy specialist
1 PVD functional exploration specialist

e [
Nurses 39 including 4 chief-nurses
Junior Nurses 15 for day and night duty

Physiotherapists 2 chief-physiotherapists included

1 chief-prosthetist included

. Prosthetists
Occupational Therapist

Cleaning Staff 21

Table 2.1: The staff members of the Villiers-Saint-Denis Rehabilitation Centre

Number of Patients admitted in VSD

Rehabilitation Centre
AMPUTATION LEVELS 1984 1996 1997
1985 (unpublished) unpublished)
' Bilateraltransfemoral | 4 | 3 | 4
 Through-Kmee | 2 [ s | 6
 Bilateraltranstibial | 19 [ 13 | 12
 PartialFoot | 48 | 8 | 91
TOTAL ] 389 | 411 | 405
Ratio transtibial /partialfoot | 418 | 250 | 227

Table 2.2: Patient distribution by amputation levels in the Villiers-Saint-Dents
Rehabilitation Centre
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expanded rapidly to an average of 120 amputees (the maximum at one time was 175

in the early eighties) permanently in-patient.

All patients are amputated in Vascular Surgery Units, mostly in Paris. Patients
are transferred to the Villiers-Saint-Denis Unit within two or three weeks of
amputation for wound healing, prosthetic management and rehabilitation training.
All patients are full board. The duration of the in-hospital’s stay-in time will be

discussed later.

Since this date, more than 15 000 amputees have gone through the Vascular
Unit. Most of them (about 90 %) were peripheral vascular disease patients.

2.1.2 The vascular department
The Peripheral Vascular Unit of Hopital de Villiers-Saint-Denis is situated in a

pavilion of 153 beds. The staff members are shown in table 2.1 and the patient

distribution by amputation level in table 2.2.

In addition, they are many people common to all departments of the hospital:
Kitchen’s Staff, Maintenance Team, Administration ...etc... For the whole hospital,
there are 520 staff members for 489 beds.

2.1.3 Descriptive Statistics of Patients staying in Villiers-Saint-Denis
Rehabilitation Centre

In the following section, some descriptive data about patients of Villiers-Saint-
Denis are given. Listing the categories of patients in our wards is important in order
to give an appreciation of the population of subjects on which the tests presented
later 1n this work have been made. Some characteristics of the amputees of Villiers-
Saint-Denis justify some requirements, difficulties, and limits but introduce novelty

to the research, presented in the following sections.

Dupré et al. (1985) carried out a complete statistical analysis of the year 1984
and 1t is useful to compare this with the VSD Hospital statistics (not published) for

1996 and 1997 to examine changes in the trend of amputation level. The number of
patients and their amputation level are shown in table 2.2 while table 2.3 shows the

distribution between the genders and the age of the population. There are still more
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1984 1996

Internal report (unpublished)
68 % <70 years =62 %

<70 years=57%

>71 years=43 %

=71 years=38 %

B
o

Table 2.3: The distribution between the genders and the age of the amputee
population of the Villiers-Saint-Denis Rehabilitation Centre, in 1984 and 1996.

<70 years=20% 32% <70 years=18%

=71 years = 80 %

> 71 years = 82 %

1996
among all patients

DIABETES 1984
among all patients

MELLITUS Dupré et al., 1985

Internal report
ubl 1shed)

Table 2.4: Table showing the increasing trend of diabetes mellitus as related
pathology in peripheral vascular disease.
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male than female amputees because of the influence of tobacco abuse, which is
greater in male subjects. All patients were amputated for peripheral vascular disease
due to gangrene or acute ischaemia. Table 2.4 shows the diabetes mellitus ratio

which i1s the most important related pathology. All of these statistics were in

accordance with those found 1n the literature:

o most of them were amputated according to the method introduced in
France by Cormier (1982) in the late sixties. The amputation was done at the limit of
dead and live tissues. The surgical wound of the stump was not closed and second
intention healing was awaited. An early ambulation programme speeds up the
healing process, decreasing oedema and venous stasis. It was therefore easy to

appreciate the extent of pain, denutrition and insomnia which the patients suffered.

. the mean age of patients and their probable survival (not shown).
Stewart & Jain (1992) reported that the median survival of lower limb amputees was

4 years over a 25-year period. In other countries, previous reports by Harris in the
USA (1988, quoted by Stewart et al, 1992) and Eneroth & Persson in Sweden

(1992) indicated that the mortality at 6 months was 38 %, at 3 years 52 % and at 4
years 72 %. Regarding the age of amputation, Eneroth & Persson (1992), reported a
mean age at amputation of 77 (43 - 95) years, 75 years were men and 80 years were
women; 49 % of amputees were aged 80 years or older. Joublin & Joublin (1986), in
France, found that 75 % of women and 41 % of men were more than 70 years of age

among a population of 252 PVD amputees.

° the higher rate of transtibial level versus transfemoral in 1996 and
1997 than that in 1984. The increase of below the knee amputations was highlighted
by Stewart & Jain (1993). The general by decreasing trend of transfemoral versus
transtibial and transfemoral versus partial foot amputees due to new vascular surgery
techniques has been reported in countries such as Denmark (Ellitsgaard et al.,1997).
Ebskov (1992) however pointed out that if a separation between non-diabetic and

diabetic PVD amputees was made, the ratio between transfemoral and transtibial was
inverted (60 % transfemoral / 40 % transtibial with vascular insufficiency aetiology
versus 40 % transfemoral / 60 % transtibial with diabetes mellitus). This long term

incidence of diabetes mellitus in lower extremity amputations was emphasised by
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Moss et al. (1996).

. the importance of smoking habits in male elderly population was
noted by Kulkarni & Kearsley (1993) which explains the majority of men found in

the tested population shown in section 8.3.

. the high incidence of diabetes mellitus in female dysvascular
amputation for whom this defect was the most important actiology has been brought

to the fore by De Frang ef al. (1991) among a population of 2532 patients as shown
in table 2.4.

. many amputees also have other concurrent medical problems. Troup
(1976, quoted by Stewart & Jain 1992) reported that 75 % of primary amputees had
at least one other significant pathology. In decreasing order, the most usual were:

high blood pressure, coronary disease, breathing problems, arthrosis, etc.

In conclusion, 1t is possible to say that the vascular rehabilitation unit of
Villiers-Saint-Denis 1s one of the most important in France: 411 patients in 1996 over
a total of 8000 amputees in France (see table 2.2 and Germanaud, 1996) and the

patients were similar to those shown in the literature review.

2.2 LITERATURE REVIEW ON ELDERLY AND VASCULAR
AMPUTEES

2.2.1 Introduction
Due to the high level of the population of recent vascular amputees (about

8 000 new vascular lower limb amputees each year in France according to the French
National Health Service and 35 000 in USA, average 0.14 %o, as previously stated), a
plan to study the biomechanical gait pattern of the amputees was made. Furthermore,
in most scientific gait studies, most of the papers published are on traumatic
amputees (reasonably fit young amputees). A primordial comment to insist on must
be made: when research 1s about peripheral vascular disease amputees, for all

subjects their movement only becomes standardised long after, (at least six months)

the end of rehabilitation (Hubbard & McElroy, 1994). When recent amputees are
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studied, the aetiology of the amputation is unknown (Cheung et al., 1983). One of
the strongest beliets of the author of this thesis is that vascular amputees (mostly

elderly) are so different to traumatic that a mixing of data would be a source of

mistakes and erroneous conclusions (Dechamps & Pillu, 1994).

2.2.2 Elderly and peripheral vascular disease patients
Concerning elderly subjects only, Lemaire et al (1993) wrote that a

satisfactory level of clinical experience with the elderly exists in the prosthetic field
but scientific research involving the gait of this group is lacking. The population for
the Lemaire’s study included eight men with transtibial amputations who were over
65 years of age but they had lost their leg due to trauma and had worn a prosthesis
for at least 25 years. All of them were Canadian veterans of the Second World War.
In addition, none of the subjects in the study had stump problems such as: pain,

swelling, or pressure sores. This population was far from ours.

Concerning recent amputees, Cheung et al. (1983) do not indicate the
pathology the selected subjects. However, studying the patient statistics such as age
(49 - 71) and concurrent disabilities (among eight patients: one subject had the big
toe of the anatomic leg amputated, one was blind and the one, being 70 years old,
was bilateral transtibial with a time interval of three years between the two

amputations), it could probably be concluded that most of them were PVD patients.
The study focused on temporal asymmetry of gait at various stages of their training

programme (see the discussion of results in chapter 8).

Concerning elderly patients with vascular disease, Hubbard & McElroy (1994)
reported that benchmark data for lower limb amputees is often limited to young
subjects who have had their amputations as the result of trauma. To fulfil this lack,
these researchers tested a population of twenty elderly vascular transtibial amputees
about seven months post - amputation and six months after the completion of the
rehabilitation programme with gait training regimen. This is why all subjects walked
without any walking aids during the test, although three (15 %) required a cane for

outdoor ambulation. These subjects were therefore different from VSD amputees.

The study was conducted in respect of kinetic (studies of forces and moments) and
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Figure 2.1: Three sample patterns of vertical ground reaction force in N. kg™ versus

prosthetic stance phase: a) two peak pattern, b) three peak pattern and c) ﬂattened
pattern (extracted from Hubbard & McElroy, 1994).
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kinematic (studies of position of the body segments) parameters (see the complete
definitions In section 2.4). The level of variability in knee power was found to be
significantly related to the preferred walking speed (r = 0.68, p = 0.01), indicating
that consistency in power patterns at this joint is related to a better gait performance.
One of the main results that it 1s possible to extract from this paper is the following:
the mean stride time was 1.3 s with a statistically significant association between
prosthetic stride time and gait speed. Three basic patterns in the vertical ground
reaction forces were identified: two peak pattern, typically recorded in normal gait
pattern (Seliktar & Mizrahi, 1986); three peak pattern (the second peak corresponds
to the vertical position of the prosthetic shank tube) and flattened pattern as shown in
figure 2.1. The authors revealed a relationship between the pattern type and the
preferred walking speed: those walking at fast speed (but they did not specify from
which value a walking speed is fast) wave most likely have a three peak pattern
while those walking slowly have a flattened pattern. Because the test subjects
(elderly PVD amputees) are close to those studied in this work, a comparison with

the results expressed by these two researchers would be essential and a thorough

discussion will be opened in sections 8.5 and 8.7.

Another important remark must be made about the way in which these research
projects were conducted: in all of them, the subjects were asked to walk indoors, in a
gait laboratory, most often in a straight line between a set of cameras and putting one
foot on a force plate. When a transducer is used, an umbilical electric wire hampers
the ambulation of the subject, even if the cable is long enough. This way of
ambulation seems artificial and not able to reflect daily walking reality of weak and
vulnerable elderly amputees. Therefore, as Paul (1994) reported: the major
disadvantage of most prosthetic gait analysis is that it is undertaken in a gait analysis
laboratory. The performance of the amputee in this situation does not correspond to

his normal gait outside the laboratory, as shown by Grabiner et al (1995) and Paul
(1996).

2.2.3 Cane-Assisted Gait
Murray et al. (1969) have conducted an investigation on 53 disabled men

having unilateral disabilities of the lower limb. Among the tested subjects, there were
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J transtemoral, 2 transtibial amputees and 1 patient with a Syme amputation. Apart
from this 30-year-old paper, the author of this thesis could not find any other papers
concerning amputee assisted gait. Some papers have however been published in
related topics, such as assisted gait with total hip replacement, bone fractures and
paraplegia (Seireg et al, 1968; Ely & Smidt, 1977; Opila et al, 1987; Winter et al,
1993). Thus, very few research tcams had the opportunity to use assistive walking
devices fitted with load transducers despite the fact that most elderly amputees use at

least one assistive walking device. This is why a lack of research on these patients

can be noted.

Concerning the major results, it is possible to extract from these various papers
the following considerations. Murray et al. (1969) noted the use of the canes in the
sagittal and coronal planes. These researchers studied the percentage of the cane-
floor contact time during the total cane cycle. They investigated the position of the
canes when peak cane forces were applied by means of photographic records. The
conclusion was that many of the test subjects applied peak force late in the stance
phase on the disabled Iimb when both the cane and the disabled limb were directed
obliquely backward. Therefore, since an assistive walking device 1s frequently used
to compensate for deficiencies of functions normally performed by the neuro-
musculo-skeletal system, the use of such a device may provide more than the
obvious function of providing a prop for support. It may be used to provide forces to
push or to pull the body forward, or provide forces to restrain the forward motion of
the walking subject. However, all these data have shown wide variation in both the
amplitude and duration of applied forces on the ground from one patient to another.

Unfortunately, the main lack in such research is the lack of information: the test

subjects were mixed.

Ely & Smidt (1977) investigated the effect of a cane, used in the hand
contralateral to the involved hip, on patients’ floor reaction forces and on selected

time and distance measurements of gait. The average peak axial cane force was 15
percent of the body weight. Therefore, the patients exerted a significant amount of
force on the cane, which was reflected primarily in lowering the axial loading and an

anterior bending moment on the limb.
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Opila et al. (1987) analysed twelve subjects who required two walking aids
principally for one of three functions as follows: stability (temporal factors such as
duration of double stance and velocity), support (ground and aids forces) and
restraint/propulsion (impulse and transfer of mechanical energy). They included total
hip replacement, tibial fracture, and paraplegic subjects. The authors affirmed that
for such a study, there were three items to be measured: magnitude of the forces,
symmetry of the restraining, propelling phases and timing of the stance phases of the
aids and limbs. The results have shown a large variation in inter subject gait patterns
and to protect both atfected and unaffected limbs and joints from excessive loading,

proper training and evaluation are essential.

Winter ef al. (1993) described a technique and showed a standardised
methodology to analyse the kinetics of cane - assisted gait. All profiles from
recorded forces may be plotted on a normalised time base where one stride = 100 %,
with heel strike (HS) at 0 % and the following HS at 100 %. The cadence of the gait
has steps/min as unit while the gait rate is in s.stride™. All forces can be shown on
two normalised forms: percentage of body-weight or force per unit mass of the
subject. In other words, the results were normalised in force versus time. The results
from Winter’s study showed that the maximum vertical ground reaction force under
the foot was reduced to about 75 % of that reported for unassisted gait. Hence, the
single cane used made up about 25 % of the total reaction force. The anterio -
posterior shear force peaks are drastically reduced, especially during the negative
ground reaction force, 1.e., during early stance phase (0 to 30 % of stride). However,
two limitations were noted in their paper: 1) only maximum values were compared;
2) kinematics were not studied, therefore, limping which allows prosthetic force less
than body weight even without cane was not recorded. These authors however noted

the importance of the longer duration of the positive anterio - posterior force on the

walking devices which indicated that the cane may be assisting in the forward

propulsion of the body.

An important comment must be made concerning the equipment used by all
these teams: the walking aids used were instrumented for more than one channel, at

least three forces: axial and two shear forces in the case of Opila et al. (1987) and
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Winter ef al.(1993) or one compression force acting axially on the cane shaft; sagittal
and frontal bending moments and torque in the case of Siereg ef al.(1968), Murray et
al. (1969) and Ely & Smudt (1977). This important point will be considered when the

description (see section 5.4) and the results (see sections 8.5 and 8.8) from the

instrumented walking aids used in this thesis will be presented

Despite the lack of research about amputees and aided gait, it is possible to

indicate in which direction the work presented in this thesis has been conducted:

1. to describe the partitioning of the axial forces between the two assistive

walking aids (ratio ipsilateral versus contralateral), then separating the left and right
sticks or canes data from those of the artificial foot for right or left amputees. Two

descriptive pictorial sketches, derived from Opila (1985), will only be used as a

visualisation of various gait patterns, in order to improve the understanding at a

glance rather than the use of sentences:

e a gait patient line (GPL) in which the chronology of gait events such as

heel strike, toe off, sticks or canes strike and off will be shown;

e a vertical impulse histogram (VIH) in which the magnitude of axial
forces on both sticks and limbs as a fraction of body weight are proportionally
shown (see figures 8.8 and 8.9 in section 8.4);

2. to investigate the temporal parameters of the maximum peak forces on both
the prosthesis and the walking aids (ratio of prosthetic stance phase force vs. stick or

cane stance phase force; ratio stick or cane stance phase vs. gait rate). All the results

will be discussed in chapter 8.

3. to analyse the gait patterns of recent transtibial and transfemoral amputees in
the anterio - posterior plane, that 1s, in particular, the axial force, the A/P shear force
and the A/P bending moment on the artificial limb in comparison to the forces acting

on the walking aids.

However, to conduct such a study a carefully controlled gait procedure is
mandatory, following the recommendations given by Winter (1994¢, 1994d), then a

thorough comparison with the papers mentioned above could be undertaken.
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Consequently, a literature review, representative of the actual research in this field, is
presented in the following section, showing which gait procedure was followed.
Most of the papers, reviewed below, have two or more main topics, such as kinetics,
kinematics, or metabolic energy consumption. They are, therefore, shown and
commented upon at least twice (in each relevant section) before any conclusion

relative to the validity of the present research and the asserted conclusions.

2.3 REQUIREMENTS FOR GAIT ASSESSMENT

2.3.1 Definition
In usual rehabilitation vocabulary, the term gait assessment should be applied

to the whole process of examining a patient’s gait and making suggestions for
treatment. Therefore, gait assessment usually consists of six main elements: clinical
analysis, videotape examination, measurement of general gait parameters including
temporal ones, kinematic analysis, kinetic measurement, and electromyography
(EMG). In contrast, Rose (1983) suggested that the term gait analysis should be
reserved for the technical side of the gait assessment, i.e., kinematic, kinetic and

EMG. This could be defined as the analysis of a subject’s gait, based on the

recording of one or several quantities derived from human movement science,
primarily described in units used in the natural sciences (Harlaar, 1991). Although
this terminology is not universally accepted, it makes a useful distinction between the
overall assessment process and the procedure, which would normally take place in

the gait laboratory. In the work presented below, only kinetics and temporal

parameters will be studied, consequently, the terms gait assessment or gait analysis

are not appropriate.

Therefore, the term gait monitoring (or ambulatory monitoring) could be

chosen. Its definition should be the following:

gait_ monitoring: to carefully and thoroughly observe and check the patient’s

gait in order to see how it changes or progresses over a period of time (modified

from Longman, Dictionary of Contemporary English, 1995).
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2.3.2 Techniques used for gait analysis

2.3.2.1 VIDEO CAMERAS FOR KINEMATIC STUDIES
As stated above, gait analysis is mainly referred to kinematics and kinetics. For

kinematics, the principal technique 1s to use video cameras linked with a computer.

For kinetics, the use of force platforms 1s the most common.

If an overview of the studies conducted during the last 15 years is done, 1t is
possible to bring out some of the main ideas. James & Oberg (1973) performed an
investigation concerning prosthetic gait patterns in unilateral above-knee amputees,
using two test shoes fitted with switches and goniometers to monitor knee motion.
The thirty-four subjects were amputated due to trauma, all of them were active, with
no complicating diseases or injuries. The mean period from amputation was 18 years.
The mean stump length was 30 cm (range 16 - 41). By means of a long cable leading
from the patient, electrical signals could be recorded. It allowed the subject to walk
five strides (20-metre long level area). The main results, i.e., those important for the
study presented in this thesis, were as follows: mean prosthetic stride time: 1.37

s.stride™, prosthetic stance phase: 0.77 s and swing phase: 0.60 s.

Cheung et al. (1983) used a walkway, 4.88 m in length, and two sets of
photoelectric beam relays. The walkway was designed to measure the temporal
parameters of the gait. Neither forces nor moments were recorded. As a group, the
transtibial amputees displayed a higher walking speed and a shorter stride time than
the transfemoral amputees. The authors emphasised that the results from the study
were obtained from the subjects walking with the use of the parallel bars for support.
This may be an important consideration when one wishes to compare these results
with those from other studies. In Winter & Sienko (1988), each of eight transtibial
amputees was asked to walk along a 10 m walkway. The biomechanical analyses
used synchronised cine and force plate data along with a six channels EMG telemetry

system. The aim of such a study was to conduct a range of biomechanical analyses

(forces, moments and kinematics of the gait) and EMG profiles. The results showed
several trends that indicated a somewhat modified, relative to normals, motor
patterns from the residual muscles. Various artificial feet were studied which showed
similar inverting moments of force patterns at the ankle: the dorsiflexor moment

commencing at heel strike continued much longer into stance and the plantarflexor
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moment reached about 2/3 of that seen in normals. Nissan (1991), working on the

2

initiation of gait utilised two Kistler force platforms' and a Vicon system” using four

TV cameras to test ten transtibial and eight transfemoral amputees. Among the thirty-
one parameters, ground-foot forces, movements of the lower limb joints, and timing
of the gait cycle at the ankle joint were measured. The amputees were divided into
two sub-groups: those who start walking with their prosthesis and those starting with
their normal leg. To facilitate comparison, all the results were normalised as
recommended by most of the researcher teams, namely % of BW versus % of stride.
According to the author (Nissan, 1991), the major inaccuracy of such a study was
due to the small sizes of the various groups and the large numbers of variables
involved. Therefore, a discussion about sample size will be conducted in chapter 8.
Nissan (1991) also asked a number of gait laboratories to cooperate on this subject.
Wirta et al. (1991) asked his subjects to walk on a level, vinyl tiled floor 7.5 m long
and 2 m wide walkway. Furthermore, the subjects carried a flat multiconductor cable.
However, the main lack of such a study is that the pathology was never mentioned.
The main interest of the paper was the thorough description of the protocol (i.e., self-

selected pace) and data treatment to compare results among subjects:

1) the beginning of the prosthetic limb support period (heel strike HS) has been
defined as the beginning of the cycle starting with the prosthetic stance phase (PSP);

2) gait cycles not included were those clearly accelerative at initiation of gait and

decelerative at cessation of gait;

3) normalised residual limb length was determined as a percentage of body height.

In section 8.2.3, the data treatment used in the presented work will be discussed and

the method described by Wirta er al. (1991) will be partially taken into account.

These authors made two important comments:

1) the large degree of bilateral asymmetry. This will not be recorded in the present

research because no device has been fitted on the sound limb:

2) the value of the plantarflexion bending moment which is a reflection of the

‘Kistler Instrumente AG, Switzerland.
‘Oxford Metrics Ltd. Great Britain
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anterio-posterior rotational angle of the artificial ankle axis at heel strike. This
plantarflexion bending moment increased with the length of the stump, partly
attributable to the longer limb developing a longer lever arm and thereby increasing

the "stiffness of the system, socket-stump". In chapter 8, a discussion will be opened

concerning this phenomenon.

Begg er al. (1991) described a low-cost (- 25 % of others available devices)
microcomputer-based gait recording system which can be used to analyse gait
routinely in the clinical environment. Foot-ground reaction forces are acquired and
processed and the resultant force vector is superimposed on the television image of

the subject in real time. Yang er al. (1991) reported important studies made in the
Bioengineering Unit of the University of Strathclyde on the influence of limb

alignment on the gait of transfemoral amputees. These researchers also used video
markers and force plates. The main procedure quoted by Yang er al. (1991) about
results is the following: most results were shown in the form of mean values of
several test runs for each alignment setting rather than for any one particular run. The
authors emphasised the considerable step-to-step variation for any gait variable, as
already shown by Zahedi ef al., (1985). Therefore, averaging data of several test runs
will reveal the trend along which a gait variable changes. In the Yang er al. (1991)
paper also, the body build of the subject was taken into account, the kinetic gait
variables were normalised to be a dimensionless form, that is, the ground reaction
forces were normalised by the body weight (BW). Only A/P moments are shown in
this paper. However, the main topic of this paper concerned the influence of the
alignment of artificial limbs on the gait patterns. As previously stated, prosthetic
alignment i1s not a preoccupation of the research described in this thesis, thus the
investigation performed by Yang er al. (1991) has only been consulted in order to

study their data processing techniques (see section 8.4).

Pinzur (1993) working on PVD through-knee amputees reported that he performed
gait analysis with two AMTI Biomechanics Force Platforms’ and a WATSMART

Motion Monitoring System®. This review paper presented a compilation of data and

"Advanced Medical Technologies, Inc. MA. USA
‘Northern Digital, Waterloo, Ontario, Canada.
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the results were shown in a form, which was not very clear because the scale of the
graph of the figure showing ground reaction forces was not indicated. In Boonstra ef
al. (1993) paper, the gait analysis was performed on a 10 m conductive level floor
area and on a treadmill and by means of a questionnaire and measurement of energy
expenditure. Presenting the subjects, the authors stated that 4 patients out of 29
walked with a stick, even for short distances but the importance of this fact was not
mentioned in their method. The results focused on prosthetic stride time (PST = 1.38
s.stride™), showing a negative correlation with age; prosthetic swing phase (PSwP =
0.63 s, hence a prosthetic stance phase PSP of 1.38-0.63 = (.75 s) and the range of
motion at the hip and knee joints. These reported results, shown only in the form of

tables rather than figures, will be discussed when the tests of this project are

presented (see chapter 8).

Both Lemaire ef al. (1993) and Hubbard & McElroy (1994) used video cameras and
force platforms with subjects walking short distances. In the paper presented by
Lemaire ef al. (1993), the individual results were normalised to 100 % of the stride
time and to body mass before overall averages were calculated for each subject and
then for all subjects. The average curves were used for all analyses and comparisons

between the test results and other data. This method of presenting the results will be

discussed later in chapter 8.

Hermodsson er al. (1994b) used a Vifor’ system for data collection of the gait

performance. The main components of the Vifor system are a single force platform
(Kistler) and two video cameras. The force platform was incorporated into the floor
in the middle of an eight metres walkway and on a level with it. Only one step was
studied. Both Hermodsson ef al. (1994a) and Stefanyshin er al. (1994) had the aim to
compare the gait performance of two groups with unilateral transtibial amputations
for either vascular disease or trauma, and to compare the results with those from a
group of healthy subjects. One of the criteria for inclusion of the study was to allow

walking without using a walking aid. The vascular patients had a range of years since

the amputation of 0 - 18, with a mean of 7; far from the criteria of the study

"Vifor, Uppsala: Uppsala University Departement of Technology, UPTEC
92011 R, Sweden:;
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Taéle 2.5: The gait performance of three different groups of subjects
(from Hermodsson et al., 1994b).
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presented in this thesis. Concerning gait performance, the main results could be

summarised as shown in table 2.5.

The gait behaviour of amputees, having significantly reduced gait rate compared to
healthy subjects, 1s confirmed. However, since the subjects had been amputated a
long time ago, the PSP and PGRF of the vascular group did not differ from that of

the trauma group. These results will be discussed again in chapter 8.

In France, Michaut et al. (1975) were the first researchers to study the gait of
amputees on a long force platform. Pelisse (1981) developed the computer program

for use with a single and double long force plate (see the next section 2.3.3.2 for a

complete description).

2.3.2.2 FORCE PLATFORMS
A complete review of force measurement in human locomotion by the means

of force platforms and pylon transducers was presented by Cunningham & Brown
(1952). These authors reported the earliest contributions in this field.

The first approaches mainly concentrated on the vertical component of the
force applied on the body by the ground. The first use of a force platform was
reported by Amar in 1916. The design used by Amar was based on a plate supported

by springs in three directions: vertical, medio-lateral, and anterio-posterior. The

variations on the springs length were meant to reflect the loads applied on the

platform.

The same principle was also used by Elftman in 1938. Displacements in
vertical springs reflected the vertical load while displacements in the horizontal
springs reflected the lateral and fore-and-aft shears. Measurement of the individual

displacements of the vertical springs allowed the determination of the magnitude and

position of the resultant reaction force. The three components and the position were
then used to derive and calculate the torque about a vertical axis. This apparatus was

a very important contribution to the study of kinetics of human locomotion but due to

o the large amount of deflection on the springs;

. the inertia effect on the platform;
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Figure 2.2: The set up of the three force platforms used in the Bioengineering Unit,
University of Strathclyde
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Figure 2.3: The walkway of the Rehabilitation Centre of Valenton (France) with
three force platforms (all dimensions in centimetres)
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. the high level of friction on the recording system;

it was not considered sufficiently accurate.

A second generation of force platforms was reported by Cunningham & Brown
(1952). They described a device designed and used for the study of human gait
carried by the University of California, Berkeley and reported by Eberhart et al.
(1947). The principle was to use four electrical resistance strain gauged tubular
columns bolted between a top plate and a steel base. Any load applied onto the top
plate resulted in the generation of corresponding electrical signals from the gauges.
These signals were monitored and recorded. A full calibration of the device was
carried out and the new force platform provided the possibility of measuring the
three components of the reaction force as well as the torque about a vertical axis

applied by the ground on the foot. The location of the centre of pressure could also

be calculated.

Cunningham & Brown (1952) raised the problem of oscillatory characteristics
of both the electrical network and the mechanical system. They highlighted the fact
that the natural frequency of a force measuring device should be far over 100 Hz.

Their own force platform, due to viscous damping, had a frequency of 105 Hz for
shear and 140 Hz for torque.

The next generation of force platform used piezoelectric crystals instead of the

strain gauged pillars. This technology allowed a higher rigidity, natural frequency
and sensitivity. In 1975, the Kistler Company marketed a force platform using the
piezoelectric principle. Two cast aluminium plates were separated by four 3-force
component quartz transducers. Loads in all directions could be measured, as well as
the position of the centre of pressure. The natural frequency was higher than 200 Hz.
This device is now commonly used in many countries for kinetic studies. Three of
these plates'are used in the Bioengineering Unit, arranged as shown in figure 2.2,

This set up allows the recording of only one step defined as two successive identical

events of the two feet (see section 2.6.7.1).

To monitor more than one step, Michaut et al. (1975) designed and developed
two long force platforms installed side-by-side. The device was described by Levy
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Rehabilitation Centre of Valenton (France), from Levy, 1984-1985 -
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Figure 2.5: The triangular force platform of the Movement Laboratory in the Science
University of Orsay ( France ), from Breniere et al., 1981.
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(1985): the walkway 1s 10 metres long and 1 metre wide in which three force
platforms were included under a continuous vinyl floor cover and thus out of the
view of the subject to minimise bias in the gait pattern as shown in figure 2.3. Two
adjacent force platforms were 2.1 metres long and 0.3 metre wide. The third force
plate was 0.8 x 0.3 metre, 1.e., similar in size to the Kistler device. The axis of the

latter was offset relative to the walkway axis to record the stride parameters from one
foot, i.e., two successive events of the same foot. The transducers used were strain
gauged (figure 2.4) as it was in Cunningham & Brown's (1952) with the same
disadvantage about the frequency response. However, because of the physical
properties of the set-up, it was easier for the subject to hit the three force platforms

and therefore, the authors claimed that results would be better.

Another effort to improve force platform was made later by Breni¢re et al.

(1981). These researchers designed a new shape (figure 2.5). The force platform
consisted of an equilateral triangle, each side measuring two metres and suspended
by means of cables with strain gauge systems that were sensitive to vertical force
variations. This cable suspension left six degrees of freedom to the mechanical

system and thus permitted measurements of the resultant and the moment of exterior

forces exerted on the platform at any given point. Although, the frequency of the
platform when loaded was only approximately 50 Hz, that was considered enough
for their study. The initiation of the gait, which they were studying, did not produce

frequencies as high as those of normal walking.

Besser et al. (1993) tried to expand the piezoelectric force platform technology
to stair climbing but the authors said that large errors would result from small offsets

in the centre of pressure, particularly due to abduction / adduction moments. Peak

errors of 35 % were noted.

However, whatever the shape of the force platform, recording more than one or
two steps proved impossible. This is unacceptable for the purpose of the study
presented in this thesis. Granat ef al. (1995) stated that all these systems such as

video cameras and force platforms have several disadvantages these being: lack of

portability, requirement of a dedicated laboratory and evaluated on the surface

defined by the system. This lack was noticed in the past by several researchers who
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igure 2.6: The « first transducer » used by E.J. Marey ( France ), from Marey, 1873.
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recommended the use of pylon transducers. In 1973 and 1974 reports of ISPO
Dundee Conference and DHSS Heathrow Conference respectively pointed out

several advantages of pylon transducers over other methods of gait analysis. These

reports highlighted three advantages:

1. Subject walkpath is not restricted;

2. Data from more than one step are obtainable;

3. Prosthesis loading data can be obtained without the need of any kinematic
data.

These reports included an important recommendation: the pylon transducer

should be manufactured from a material that will introduce little extra weight when

inserted into the prosthesis.

However, to offset these advantages, two major drawbacks were stated and

reported by Lovely (1982):
1. the umbilical cables interfere with the amputee’s gait pattern

2. the length of the pylon transducer limited its use for transfemoral or

transtibial amputees to those with rather short stumps.

Later in this dissertation (sée section 2.3.5), methods are discussed for

bypassing the trailing cables problem. The next section will discuss the size of pylon

transducers.

2.3.2.3 PYLON TRANSDUCERS
A transducer is a device that converts a measurement of one physical quantity

into another, in this case mechanical force into electrical voltage.

The first description of a "gait transducer” for gait studies was made by two
French persons Carlet (1872) then Marey (1873). It was a pneumatic cell in the sole
of the shoe and only the vertical component of the force applied on the body by the

ground during a particular step was studied. Carlet’s pneumatic apparatus consisted
of a circular walkway twenty metres in circumference with a central recording
instrument attached to the subject’s shoes by long rubber hose. Marey (1873)

modified the device to make the recording instrument portable and in doing so used
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Figure 2.7: The pylon transducer designed in the late forties by Cunningham &
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one pneumatic cell instead of two in the sole designed by Carlet, as shown in figure

2.6. This was done with a non-amputated individual but the first thought of recording

a subject walking freely was launched.

Recently, Alexander ef al. (1990) reported a full description of foot to ground
contact forces and plantar pressure distribution with a review of the evolution of
current techniques and clinical applications. There is a place in the research setting
for both floor-mounted and in-shoe devices. The same idea was adopted by those
who designed, developed, and used a portable insole plantar pressure system

(Wertsch et al. 1992) or a footswitch system to record temporal parameters of gait

(Hausdorff et al. 1995).

With the arrival of modular prosthetic legs, gait analysis with pylon transducer
also got underway. The first team who started such researches was in the University
of California, Berkeley, in the late forties (Eberhart, 1947). One of the main tasks of
the studies carried out was the understanding and measurement of the differences in
walking patterns adopted by amputees when carrying loads, using different sockets

or walking on different ground surfaces and slopes.

For that goal, a pylon transducer was developed and it was reported by
Cunningham & Brown (1952). Their design consisted of a 304.8 mm long strain

gauged aluminium alloy column with an external diameter of 38.1 mm and a wall
thickness of 1.2 mm. This pylon transducer was meant to replace the shank tube of
the artificial limb and record loads applied on it. It is shown in figure 2.7. The gauges

were placed at four levels along the tubular surface and monitored the axial load, the
torque and the bending moments in the anterio-postertor and medio-lateral directions
at two levels. This particular configuration allowed indirectly the calculation of the

shear forces in both directions, relative to the prosthetic leg.

Cunningham & Brown (1952) reported that the frequency response of the new

device in dynamic loads was acceptable. The only limitation they noticed was the
time required for a shock wave to travel along the pylon. It was obvious from the
start that the pylon length should be decreased if a large population of amputees was
to be tested. The shortest possible length in any transducer is necessary so that the
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device could be fitted to a large number of amputees.

Lowe (1969) reported the development of a pylon transducer with a length
shorter than Cunning<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>