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Abstract

Two trans-tibial socket concepts are in regular use in prosthetic clinics. These may
be categorised as the “hands-on” (hand casting) concept and “hands-off” (pressure
casting) concept which, in addition to the distinctive casting methods, require
different liner materials and components to create the desired loading distribution.
Amputees have stated that quality of fit of the prosthetic socket is of highest
importance, but, although pressure distribution has long been regarded as important,
there 1s no general consensus regarding socket fit criteria. Furthermore, the casting
process is carried out with the limb stationary. During walking the pressure
distribution will change constantly throughout the gait cycle. The quality of fit of the
prosthesis remains very subjective with little quantitative information regarding the
pressure distribution within the socket. The aim of this study was to investigate and
to compare the dynamic interface pressure distribution of the two socket concepts for
a trans-tibial amputee population. In addition, the impact of the two socket concepts
on their daily living activities was assessed. The objective was to relate measured
pressure distribution to activity level and patient acceptance and thus increase
understanding of what constitutes a good socket fit. The dynamic interface pressure
distribution inside the socket of 48 patient’s own prosthesis was recorded, using a
validated pressure measurement system. The dynamic pressures recorded between
the residual limb and the prosthetic socket showed similar distributions between the
different casting concepts, although overall the hands-off sockets showed higher
pressures than the hands-on group. The results from the questionnaire indicated that
the quality of fit of the prosthetic socket had a strong correlation with user
satisfaction. Results of this study have shown that the impacts of the two distinct
prosthetic socket concepts have on the life of the amputee are very similar, Most of
the participants used their prosthetic device regularly, and responded in similar ways

regardless of the type of socket worm.
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1 Thesis Summary

The thesis consists of fourteen chapters, which can be subdivided into four
sections, plus references and appendices. The first of these sections includes the
initial four chapters of the thesis which provide an overview of the thesis (Thesis
Summary) and introduce the background behind the study (Introduction) and the
factors considered before investigation (Residual Limb and Prosthetic Socket). The
second section of the thesis outlines the outcome measures implemented within the
investigation (Pressure Measurement, Activity Monitoring and Patient Feedback)
these are described in chapters four, five and six. The third section of the thesis,
containing chapters seven, eight and nine, indicates the experimental phases of the
investigation, detailing the methodology used and subsequent results (Preliminary
Studies, Methodology and Results). The results are discussed and conclusions

drawn in the forth section, chapters ten and eleven (Discussion and Conclusions).

1.1 Section 1: Introduction, Residual Limb and Prosthetic
Socket

Chapter 1: Introduction

Amputees have stated that quality of fit of the prosthetic socket is of highest
importance, but, although pressure distribution has long been regarded as important
in creating good socket fit, there is no general consensus regarding socket fit
criteria. Two trans-tibial socket concepts are in regular use in prosthetic clinics.
These may be categorised as the “hands-on” (hand casting) concept and “hands-

oft” (pressure casting) concept which, in addition to the distinctive casting

methods, require different liner materials and components to create the desired
loading distribution. The quality of fit of the prosthesis remains very subjective
with little quantitative information regarding the pressure distribution within the
socket. The introduction chapter presents the rational behind providing a good

prosthetic rehabilitation service and defines the aims of this study, which was to



investigate and to compare the dynamic interface pressure distribution of the two
socket concepts for a trans-tibial amputee population. In addition to the interface
pressure, the impact of the two socket concepts on patient’s daily living activities
was assessed. The objective was to relate measured pressure distribution to activity
level and patient acceptance and thus increase understanding of what constitutes a

good socket fit.

Chapter 2: Residual Limb

The residual limb and prosthetic socket are the two interfaces which the prosthesis
and human body are connected. To understand what constitutes a good socket fit an
understanding of these two elements is required. The second chapter describes the
key factors that must be addressed when fitting a prosthesis to a patient. These key
factors are the transfer of load between prosthesis and skeletal structure, and tissue
mechanics of the residual limb. The blood supply, nutrition, temperature, and limb
volume changes are also described, as these intrinsic influences can affect the
fitting process. In addition to these, extrinsic factors such as the mental health and

age of the patient may also determine the success of prosthetic fitting.

Chapter 3: Prosthetic Socket

The third chapter details the second interface in the system, the prosthetic socket.

The transfer of load from the socket to the residual limb is dependant upon the
design of the prosthetic socket, The process of capturing the shape of the residual
limb is described and details of the two main prosthetic socket concept are
described, namely the hands-on and hands off concepts. These two concepts
require different components and suspension systems to be utilised when

fabricating a prosthesis, the differences are described and the benefits of each

outlined.



1.2 Section 2: Pressure Measurement, Activity Monitoring
and Patient Feedback

Chapter 4: Pressure Measurement

Chapter four describes the pressure measurement principles and defines two main
areas of interface pressure measurement within the prosthetic environment. These
two principles define the placement of the transducers within the prosthetic socket.
Transducers can either be classed as those which are placed through the socket
wall, or transducers which are placed inside the prosthetic socket. The need for a
non invasive transducer is explained and the F-Scan pressure transducer is chosen
as the method used for pressure measurement in this study. This system is

described in detail.

Chapter 5: Activity Monitoring

The second outcome measure implemented in this study is described in chapter
five. Activity Monitoring is a useful clinical tool in assessing prosthesis use.
Evaluating patient gait is critical to determine if the prosthetic socket is fitting well.
The pattern of gait is described including the extrinsic factors that can influence
ambulation. Various monitor types are in use in both research and clinical settings;
however a monitor that can determine the time and duration of activity would be
most useful in a clinical context. The ActivPAL activity monitor is described and is

the monitor chosen for this investigation.

Chapter 6: Patient Feedback

Patient Feedback is the third outcome measure used in this study and is described
in chapter six. Feedback is vital in improving patient care, as patient and
prosthetists expectations may differ. The physical and psychological issues of
patient treatment are discussed. It is important that an accurate method of

measuring patient satisfaction is used in a research context. A number of



questionnaires have been developed and reported on. The main questionnaires used
in the healthcare industry are summarised and the Prosthesis Evaluation

Questionnaire (PEQ) is defined as the outcome measure used in this study.

1.3 Section 3: Preliminary Studies, Methodology and Results

Chapter 7: Preliminary Studies

Three preliminary studies were conducted during the course of the investigation.
These were designed to supplement and define the protocols used within the main
investigation. The first of these preliminary studies was investigating the load
transmission through a silicone liner. This would be important in deciding on the
placement of transducers inside the prosthetic socket. The F-Scan pressure
measurement system was placed on either sides of a sample of silicone liner and
subjected to a loading pattern similar to that experienced in human gait. Results
indicated that small differences in interface measurements recorded by the F-scan
on either side of the silicone were due to errors in the system rather than the

placement of the transducer and silicone in relation to the applied force.

The second preliminary study involved the development of a calibration procedure
for the F-Scan socket transducers. This comprised designing and building a
platform which was capable of housing trans-tibial prostheses of different shapes
and sizes whilst the socket transducers were calibrated. The platform used a series
of inflatable balloons to apply a known dynamic pressure pattern to the pressure
transducers which were placed inside the prosthetic socket. Results show that the

platform was capable of accurately calibrating and equilibrating the socket

transducers.

The final preliminary study investigated the reliability of the activity monitors used

in the investigation. Previous literature had indicated that the ActivPAL monitor



was accurate and reliable over small time periods, no information was found for

reliability over 24 hours. The preliminary study showed that the monitors used

were reliable over this longer period and would provide accurate data.

Chapter 8: Methodology

Chapter eight describes the methodology utilised in this investigation. The chapter
is divided into three main sections, experimental design, display of results and

finally analysis of results.

The experimental design section describes the three outcome measures i.e. F-Scan
pressure measurement system, ActivPAL and PEQ. The time required to introduce
the subject to the study, instrument their prosthesis, calibrate the transducers,
complete the PEQ and perform the pressure data collection took approximately 45
minutes. Six pressure transducers were used on each subject; four socket pressure
transducers recorded the interface pressure at the prosthetic socket/residual limb
interface. The remaining two transducers were foot transducers which recorded the
subject’s foot force, which were later be used to determine step timings. A detailed
description of the equipment used and protocol followed is given, in addition to the
calibration procedure utilised to ensure consistency between subjects. A description
of the ActivPAL monitor is presented, including the placement of the monitor. The
monitor was placed on the subject’s prosthesis and not on the thigh as directed by
the manufacture. Therefore only stepping activity was obtained, and differentiating
between sitting/lying down and standing was not possible. The PEQ was given to
each subject to complete, whilst their prosthesis was being instrumented and
calibrated. A detailed description of each of the sub-groups within the PEQ is given
in this chapter. Responses to the questions asked within the questionnaire were

recorded on a visual analogue scale. Each subject was given the questionnaire and

an instruction sheet.



The next section within the methodology chapter is the display of results. This
section indicates how the data collected was converted into a form that could be
statistically analysed. Particular reference is given to the data obtained from the F-
Scan transducers. An individual step was selected for each subject, from the series
recorded in the clinic room using the F-Scan foot transducers and video analysis.
Maximum average and peak interface pressures were taken in three points during
the gait cycle for each of the four transducer arrays inside the prosthetic socket.
Activity monitors were connected to the computer and the data uploaded. Daily
step counts and the timings of ambulation were collected from the activity
monitors. Each response score from the PEQ visual analogue scale was measured
and the distance recorded. A number of the questions could be classified as a sub

group, and an average score for the complete group could be calculated.

Having converted all the data into a format which could be analysed, statistical
methods were used to investigate the influence of the socket design on the three
outcome measures. Descriptive analysis was initially made on the demographics of
the two sample groups. A three way repeated measure ANOVA model was used to
determine the distribution and magnitude of interface pressure data throughout
stance phase. Differences between the two groups further analysed using a Tukey
post hoc test and an independent sample test. Differences between the two groups
for activity and questionnaire response scores were checked using an independent

sample test.

Chapter 9: Results

The following chapter, chapter nine presents the results of the statistical analysis.
Both subject groups were shown to exhibit similar demographics, allowing
comparisons to be drawn between the two groups. The average dynamic interface
pressure distribution measured in both subject groups was shown to be similar,

despite the different casting techniques used to shape the prosthetic socket.

Magnitudes of average and peak interface pressure were higher for the group



wearing the hands off socket concept. The daily step count for both groups showed
no statistical difference between the groups, and the distribution of walking activity
identified that the subjects wore their prosthesis for over eight hours every day.
PEQ scores indicated that both subject groups were highly satisfied with their
prostheses. Only three questions from the 82 asked showed a significant difference

between the two groups.

1.4 Section 4: Discussion and Conclusion

Chapter 10: Discussion

The dynamic pressures recorded between the residual limb and the prosthetic socket
showed similar distributions between the different casting concepts, although overall
the hands-off sockets showed higher pressures than the hands-on group. The results
from the questionnaire indicated that the quality of fit of the prosthetic socket had a
strong correlation with user satisfaction. Results of this study have shown that the
impacts of the two distinct prosthetic socket concepts have on the life of the amputee
are very similar. Most of the participants used their prosthetic device regularly, and

responded in similar ways regardless of the type of socket worn.

Chapter 11: Conclusion

In conclusion, dynamic interface pressure distribution is not dependant upon the
method of casting; however the magnitudes of pressure are dependant. Patients
wearing the hands-on sockets preferred lower interface pressures. Those wearing
the hands-off concepts preferred higher interface pressures. Despite these
differences the satisfaction of both groups was similar and the activity recorded by

the subjects indicated that ambulation levels were similar to those of the non

amputation persons, of a similar age.



2 Introduction

2.1 Chapter Introduction

The introduction chapter outlines the changing face of healthcare, and in particular
the way in which the prosthetic service is delivered. The two main concepts for
prosthetic socket design are outlined and the rational for investigating and measuring
the interface pressure between the residual limb and prosthetic socket is described.
The main aims and objectives of the study are highlighted and the three outcome
measurers used are summarised. An investigation hypothesis is given and the project

layout presented.

2.2 General
“The fact that an opinion has been widely held is no evidence whatever that it 1s not

utterly absurd; indeed in view of the silliness of the majority of mankind, a

widespread belief is more likely to be foolish than sensible” Marriage and Morals
chapter 5 (Russell, 1929)

In the past, clinical experience was seen as the method of determining the best course
of action with regard to lower limb prosthetic care. Subjective assessment criteria
were used and the prosthetists experience was the foundation to achieve a good
socket fit. Successful fitting of the prosthetic socket was the result of the prosthetists
ability to transfer experience with previous fittings and adapt the prosthesis to an

individual through alignment procedures (Krouskop et al., 1987).

2.2.1 Subjective to Objective Assessment
The concept for evidence-based health care has become the routine in continuously

improving patient treatment. This type of procedure removes the emphasis on
clinical experience, personal intuition and non systematic methods for decision

making. It encourages the need for the examination of evidence from clinical

research.



Many of the procedures in modern prosthetic treatments were developed during the
18" and 19™ centuries. Names like Symes, Lister and Gritti changed the way in
which medicine and lower limb amputation surgery was performed. These methods
were developed from subjective experience. Early amputations usually resulted in
death from shock caused by blood loss. Those who did survive surgery usually died
in early postoperative period due to infection. The two world wars brought with them
great numbers of casualties, many suffering limb loss. Advances in life saving
medicines meant that many of those who, traditionally would have died from their
wounds were now surviving, these included amputees. Large numbers of service
personnel requiring rehabilitation after lower limb loss resulted in major advances in

prosthetic treatment and care.

The majority of lower limb prosthetic users have below the knee amputations, and
wear trans-tibial prostheses. Early trans-tibial prosthetic sockets were carved out of
wood, a procedure requiring a great deal of skill and time. Little thought was given to
the biomechanical principles between device and user. Sockets were no more than a
receptacle in which to place the residual limb. The use of plaster of Paris to create
socket configurations was only occasionally used until the 1950’s when Radcliffe
introduced the Patella Tendon Bearing (PTB) concept, a new method of coupling the
prosthetic socket to the limb (Radcliffe and Foort, 1961). Until this time, load was
transmitted from the body to the prosthesis via a thigh corset which off loaded some
of the force from the residual limb. The PTB dispensed with the need of this
appendage by using the theory of a total contact socket, where all areas of the
residual limb transferred weight. This was combined with a loading pattern which
permitted pressure tolerant areas of the stump to carry a greater proportion of the

body weight, whilst offloading those areas which were deemed to be pressure

sensitive.

In the late 1960’s an alternative concept for pressure distribution within the
prosthetic socket was developed. This method involved hydrostatic casting, in which

a plaster cast of the residual limb is created whilst a uniform distributed pressure is



applied (Murdoch, 1968). This method of uniform pressure distribution creates a

socket whose entire surface of the socket transmits an even load.

With little published evidence as to the benefits of other trans-tibial socket designs,
the PTB became the accepted method of socket design. Technological advances in
components and synthetic materials such as thermosetting resins, thermoplastics,
composite and flexible materials have paved the way for lighter, stronger more
cosmetic and less intrusive devices. The application of these materials has the
potential to offer the user a more energy efficient gait. In the 1980’s and 1990’s the
use of liners became increasingly popular, Fillauer describes the silicone suspension
socket (Fillauer et al., 1989). Kristinsson developed the Iceross procedure, which
utilises the uniform pressure concept first introduced by Murdoch (Kristinsson,
1993). Air is used as a pressure medium instead of water, This development in
prosthetic technology has seen the increase in use of the pressure cast socket as a
regular alternative to the PTB design. Today both the hand cast PTB and pressure

cast trans-tibial socket designs are being used in providing prostheses for amputees.

In addition of the two casting methods which are implemented to create the desired
loading distribution, the concepts utilise different interface liners and components.
The terms *“hands-on” and “hands-off” will be used within this manuscript to
differentiate between the two prosthetic concepts. These terms are used to describe
the combined effects of casting technique, interface material, alignment and
components. Hands-on sockets have been hand cast and rectified by the prosthetist
using the PTB pressure distribution theory as described by Radcliffe (Radcliffe and
Foort, 1961). Subjects normally wear a PE-Lite interface liner between residual limb
and prosthetic socket. Hands-off sockets have been cast by means of a pressure
casting technique employing a loading condition via an air bladder (Kristinsson,

1993). A uniform pressure is applied during the casting process with little

rectification required. Although the pressure distribution is assumed to be uniform, it
may be different over different areas of the residual limb. Silicone liners are worn
over the residual limb and utilise a ratchet pin attachment for suspension to the

prosthetic device.
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2.2.2 Problem Statement
It can be stated that the advances in prosthetic rehabilitation evolved from the

demand created as a result of limb trauma, Today the need for prostheses is mainly
driven from amputations resulting from vascular disease (NASDAB, 2005). The aim
of the clinical team should be to deliver the best service possible. However the

change in patient population may require a change in prosthesis prescription.

It is estimated that there are around 5,500 people in the UK who are referred to
prosthetic centres requiring lower limb prosthetic treatment each year, and of these
75% of patients are older than 65 years INASDAB, 2005). In the UK as with much
of the western world, Peripheral Vascular Disease (PVD) generally caused by
atherosclerosis and a loss of viable blood supply in the limb, accounts for the greatest
number of lower limb amputations, approximately 85%. Due to associated medical
problems and poor general health, it is estimated that the life expectancy after
amputation for those suffering from PVD is less than four years (Ng et al., 1996).
Trauma, infections, congenital absences and tumours attribute to the remaining
causes for amputations (NASDAB, 2005). Although there are no exact numbers of
amputees within the British population, estimates based on clinical populations and
large scale monitoring groups suggest a figure of 1 in 1,500. (LLIC, 2006). Figures
published by the Amputee Statistical Database for the UK in 2005, indicate that
numbers of lower limb amputations has remained at a consistent level over the past 7
years. Trans-tibial amputations account for over half of the total amputations.
Inconsistencies between prosthetic centres with registering amputee numbers means
that the number of patients undergoing an amputation but not proceeding to limb

fitting may be much higher than records indicate.

PVD is a systemic disease, bringing with it challenges to successful fitting, due to
reduced blood supply, poor tissue quality and impaired sensation, If these are
attributed with diabetes visual impairment may also be a result. The disease often
results in patients presenting with other health conditions, which is why over half

will not become users of prostheses. The onset of PVD is a relatively slow process;
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patients prior to amputation may have had a period of inactivity, which may have led
to a further decrease in general health and therefore limiting the use of the limb to

those who are prescribed prostheses.

2.2.3 Clinical Team
The emergence of a multidisciplinary team has dramatically improved the

rehabilitation prospects of the amputee. The team usually consists of a prosthetist,
surgeon, physiotherapist, occupational therapist, nurse, social worker, and
increasingly, a clinical psychologist. Patients are referred to the physiotherapist after
only a short post operative period, usually a matter of days. Evidence suggests that
the quicker a patient is fitted with a prosthesis, the better the long term outcome will
be (Lilja and Oberg, 1997, Munin et al., 2001). Early mobilisation is important to the
likelihood of joint contractures, muscle weakness, maintenance of general health and

can enhance the level of rehabilitation achieved by the patient.

2.24 Compliance
Pain is a natural deterrent; most people will try and avoid the producers of pain in an

attempt to reduce discomfort. If the prosthesis is causing irritation then the patient
may be reluctant, even refuse to wear it. There are many reasons why someone may
not use their prosthesis once fitted, including a reduction in health which limits the
energy a person can expend. However the quality of fit of the prosthetic socket has
been shown to be of highest importance for prosthetic wearers (Legro et al., 1999).
Sores, blisters and irritation attributed to skin friction are very painful and dangerous
to those with impaired sensation and reduced blood flow. A survey of amputees
found that nearly 60% reported moderate to severe pain most of the time whilst

wearing their prosthesis (Nielsen, 1991).

Movement of the socket over the residual limb occurs when the effects of inertia and
gravity during swing will tend to move the prosthesis distally. Upon heel strike the
socket will move back up the residual limb. Movement can also occur during stance

phase during loading and off loading.
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Whilst advances have been made to prosthetic components and socket materials,
understanding of socket fit remains an area of limited knowledge. Material
technology and the best components are of little use if the prosthesis is not
comfortable, or the patient does not have the confidence to use it. The starting point
in producing a successful prosthetic limb for a patient is the socket. Without a good
fitting socket, inaccuracies often develop more distally. A socket that is too tight will
lead to difficulties donning the prosthesis, too loose and the prosthesis may not be
secure during gait. A loose socket may also make any attempts of dynamic alignment

very difficult.

The quality of fit of the prosthesis remains subjective with little quantitative
information regarding the pressure distribution within the socket, A combination of
the prosthetists skill and experience together with the patient’s proproceptive
feedback is required for a successful outcome. For the experienced prosthetist this
can be an effective tool, however, for the less experienced prosthetist assessment of

socket fit remains a difficult task.

2.2.5 Confidence
It does not matter about the length of time someone has worn a prosthetic limb, the

effects of a new socket are the same. A new prosthesis is met with an air of
expectation and trepidation. The unknown is a strong barrier to break through. A
period of settling in and becoming accustomed to the new device is a common
experience. This variability impacts on the patient’s experience of prosthetic limb
fitting, an experience that will be different every time they have a new socket fitted.
If the period of adjustment after socket fitting can be reduced, subsequent prosthetic
fitting will be less stressful for the amputee. There have been changes to the methods
of fitting prostheses in recent years. With the recent advances in technology, it is

now possible to extend the boundary of knowledge of what makes a good fitting

socket.
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2.2.6 Possible Solution
If a method of creating a socket with reduced differences from the previous limb

could be produced the patient would in fact become accustomed to the use of their
new prosthesis in a shorter time period. A reduction in such a conversion period
would be both beneficial to patient and prosthetist. The patient would experience less
stress and anxiety before a new limb is fitted. The prosthetist would benefit from a
reduced number of return visits by the patient, thus frecing up more clinical time to

spend with each patient.

The question of alighment will make any prosthesis fitting a unique one, no matter
how similar the socket. The alignment process has the potential to determine the
eventual fit of the limb. A socket which fits well should be comfortable, a well fitting
socket should function well, and a well functioning socket should be utilised more
frequently. The converse is also true; a comfortable, well fitting socket on a badly

aligned prosthesis may also cause pain and eventually lead to removal of the

prosthesis.

The process of fabricating a prosthesis can be long and difficult. Patients can be left
frustrated and with a prosthesis that is uncomfortable. The most likely problem is in
the fitting of the socket. However there is no general consensus regarding the socket
fit criteria. Traditionally the process of making a socket begins with a hand cast of
the residual limb, to create a negative mould. The problem is that every prosthetist
performs hand casting differently. Sockets created by the same prosthetist on the
same patient may also differ. A study has shown that even under controlled
conditions the shape of a plaster mould cannot be accurately reproduced by the same
prosthetist in consecutive trials (Buis et al., 2003). This means that every socket is

going to fit differently depending upon the tension of the plaster bandage during

casting, and the amount of plaster added or removed during rectification.
In order for a patient to accurately provide feedback on the fit of a prosthetic socket

they must first build their own knowledge and experience of the prosthesis in every

day activities. This can only be gained after long term experience of the prosthesis
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they are wearing. Despite this, much of the research investigating socket fit has
incorporated specially fabricated prosthetic sockets. It is difficult to provide reliable
information as to the quality of socket fit if the socket in question is at most only a
few hours old. What is being measured in these situations may be well controlled,
but these conditions do not reflect the day to day application in which they will be

utilised.

The 1nformation gained when the prosthetic user provides feedback about their
experience using the prosthesis supplements information obtained from other more
controlled environments. The dialogue also creates links between the prosthetic user
and the researcher. This leads to areas of knowledge, which when shared serves to

build and reinforce overall prosthetic care.

2.2.7 Summary
Two different philosophies in shaping the trans-tibial prosthetic socket are prescribed

in clinics, the PTB hand cast and Pressure cast socket. A more scientific approach is
required to establish if a difference exists between the two concepts. This is to create
their strengths and provide a good socket solution for a particular residual limb and
patient. Any approach must provide quantifiable evidence to the service provider,
patient and society, in order that an accurate evaluation can be made and

comparisons be drawn.

To this end, the project will combine scientific evidence from dynamic stump/socket
interface pressure distribution data and relate this to quantitative data gained as a
result of feedback from the amputee. This knowledge will be used to determine what
makes a good socket fit. Socket fit and function can only be accurately and reliably

evaluated using scientific methods. These processes provide a platform on which

differences in function can be measured.

2.3 Investigation Aims

The aim of this project is to increase knowledge and understanding about the

differences between the hands-on and hands-off concepts of casting the trans-tibial
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prosthetic socket and provide information to prosthetists to facilitate improved
patient care. The prosthetic socket plays a critical role within the prosthesis. The
socket/stump interface serves as the coupling between skeleton and artificial limb.
Lower-limb amputees have identified comfort and mobility as the two most
important characteristics of a prosthesis (Klute et al., 2001), Success can be
measured in terms of scientific evaluation and, maybe more importantly, in terms

of patient response.

This study will measure the interface pressure distribution between residual limb
and prosthetic socket and combine the results with responses from the prosthetic
wearer. Previous interface pressure measurement studies tend to be limited in the
number of subjects recruited as prostheses instrumented are fabricated for the
specific purpose of the investigation. This confines the prosthesis to using
experimental sockets, limiting the patient’s response to an intervention due to the

restricted time the prosthesis has been worn in the clinic or laboratory.

Scientific evaluation of the prosthetic socket will be obtained via the measurement
of the interface pressure inside the socket using Tekscan's F-Scan® system, a
validated pressure measurement system. Patient responses to the prosthesis can be
gained using a validated questionnaire and an activity monitor, Activity monitors
manufactured by Pal Technologies Ltd will be utilised in this study. Monitors have
been shown to estimate successfully patient’s activity levels during the day and
provide quantifiable activity changes (Kriska, 2000). However the authors
suggested that the information monitors provide should be supplemented with
questionnaires in assessing activity in large population studies. A combination of
the two methods of activity assessments would work best. Attention should be

given to the interpretation of the results if different patient assessments are used
(Sager et al., 1992).

To gain a reliable patient response to the prosthetic socket design the patient’s own
prosthesis will be required during this investigation. It is important that subjects

recruited will have been prescribed and used their prosthesis for regular daily
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activities at least six months prior to their participation in the project. Prostheses
fitted will have been delivered during regular clinical practice, by experienced
prosthetists, and are not issued with respect to this study. In order that the patients
own prosthesis can be used, a non invasive pressure measurement technique was

required.

These aims can be summarised as follows:
o Investigate and compare the dynamic interface pressure distribution of a hands-

off prosthetic system and a hands-on prosthetic system for a trans-tibial amputee

population by means of pressure mapping.
e Assess the impact of socket comfort on daily living activities.

e Present evidence to clinicians to facilitate appropriate prosthetic system

prescription for trans-tibial amputees.

o Provide evidence for future innovation in trans-tibial socket designs.

The objectives of this study are:

e Measure the interface pressure between residual limb and trans-tibial prosthetic

socket to determine the dynamic profile and magnitude of the pressure.

e Obtain feedback from the prosthetic wearer as to the satisfaction of their

prosthesis.
o Measure the motion of the prosthetic wearer during their activities of daily living.

o Determine 1if a relationship exists between interface pressure, satisfaction and

daily activity.
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2.4 Prosthetic Interface Pressure
Persons with lower limb amputations are required to transmit large loads through soft

tissue, not designed for such conditions. Patients often experience discomfort in their
residual limb. One method for quantifying this discomfort is by measuring the
interface pressure created at the stump/socket interface. Results from a study of
trans-femoral amputees, found that wearers who wore “uncomfortable” sockets
generated higher interface pressures (Krouskop et al., 1987). Two studies designed to
investigate the pressure distributions recorded during prosthetic stance of a trans-
tibial amputee have been undertaken (Convery and Buis, 1998, Convery and Buis,
1999). Each study was conducted on a different design of prosthetic socket. In the
first study a subject wore a hand cast socket. The second study the subject wore a
socket cast using the hands-off hydrostatic casting concept. Both studies
implemented Force Sensing Resistors to measure the dynamic stump/socket interface
pressures during gait. A distinct pressure pattern was seen when examining the
distribution of interface pressure within the hand cast socket. A ring of increased
pressure at the patella bar level, with no major distal end pressure. It was also seen
that interface pressure at the patella bar increased towards late stance to a value of
244kPa (Convery and Buis, 1998). The same patient was cast using the hydro cast
technique of shaping the stump during casting in the second study. When comparing
this data to that of the hand cast socket, it was clear that the pressure within the hydro
cast socket was greatly reduced, and the distribution more evenly spread. Although it
should be noted that the results described by Convery and Buis were recorded
without interface liners. Despite this difference both sockets were deemed
satisfactory by the patient and prosthetist. Only one subject was used in each of the
studies. A larger study is required to achieve a better understanding regarding the

pattern and magnitude of interface pressure within the trans-tibial prosthetic socket.

2.5 Patient Feedback

The amputee has to make many permanent changes to many areas of their life
including behaviour, social and emotional (Gallagher, 1999). Interface pressure

measurement is one way to gain information regarding socket fit. The data is capable
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of determining the profile and magnitude of normal pressure within the prosthetic
socket, information which will increase understanding about the influence different
socket designs have on the residual limb. Patient satisfaction may also be influenced
by the manner in which the prosthetic service is delivered. Successful fitting of a
prosthesis has much to do with the attitude of the amputee as it does with the
prosthetist. A prosthesis may fit perfectly, be the best shape and aligned in the most
optimal position possible. However, if the patient has had negative experiences
during the fitting process, this may reduce the effectiveness of any device delivered.
The implementation of a patient questionnaire would provide a quantifiable
feedback. One which is specifically designed to gather information on both the
overall performance of the prosthetic limb as well as information on specific areas of
daily living and prosthetic care. This study will utilise information gained from a
questionnaire in conjunction with the interface pressure measurements to produce a

holistic assessment of prosthetic fitting.

2.6 Project Hypothesis
The hypothesis is devised on the theory that the casting methods used in the two

trans-tibial socket concepts will lead to considerable differences between the two
concepts, in terms of the dynamic stump/socket interface pressures. This will be seen
by a more uniform pressure distribution with lower and fewer peak pressures during
weight-bearing for the hands-off prosthetic socket system compared to those wearing

a hands-on prosthetic socket system. The importance of lower and fewer peak

pressures can be expressed as a comfort indicator by the amputee.

Using the recorded pressure distribution, activity monitor output and satisfaction

scores from the PEQ, the following hypothesis were produced:

e There is a difference between the distribution of dynamic interface pressures. The

hands-on (PTB) socket concept will show a greater number of areas of peak

pressure than sockets of the hands-off (IceCast) socket concept.
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e The magnitude of dynamic interface pressure recorded at the residual
limb/prosthetic socket interface is different between the two socket concepts. The
magnitude will be greater in the hands on socket concept.

e The distinction in interface pressure expected between the two socket concepts
will result in a difference in the activity of those wearing the two socket concepts.
The activity of subjects wearing the hands off socket concept will be greater than
the activity of those wearing the hands on sockets.

e Subjects will express a higher satisfaction with their prosthesis when lower

interface pressures are recorded at the limb/socket interface.

2.7 Chapter Summary

It has been shown that prosthetic care is more than just physical. Emotions have
just as big an impact in the lives of the prosthetic wearer as the prosthesis itself.
Increasing patient satisfaction should be the ultimate aim of any prosthetist.
Evidence based practice is important in the provision of the best possible care and
the enhancement of quality of life for the lower limb amputee, however, the
evidence available is limited. The aim of this study is to investigate and to compare
the dynamic interface pressure distribution of two different socket concepts, the
hands on, PTB socket and the Hands off, pressure cast socket. This information
will be related to patient feedback and activity level. Data gained will contribute to

socket prescription and design for trans-tibial amputees.

The following two chapters described the two most important elements to a
successful coupling between human body and prosthesis, i.e. the residual limb and
the prosthetic socket. Each chapter will identify the central points within both of

these elements and discuss the implications in the context of prosthetic fitting.
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3 Residual Limb
3.1 Chapter Introduction

The residual limb provides the primary interface between human body and
prosthesis. Understanding the tissue mechanics and structure of the limb is vital if a
successful fitting socket is to be achieved. This chapter focuses on the main
influencing factors to limb health when fitting a prosthesis to the residual limb i.e.
the transfer of load between prosthesis and skeletal structure, tissue mechanics of the
limb, blood supply and nutrition to the limb, temperature and volume changes of the

limb and the mental health and age of the amputee.

3.2 Transfer of Load
Load transfer is accomplished through the skeletal structure, through the heel pad

and plantar surface of the foot. The skin coverage over the residual limb was not
originally intended to be subjected to the same forces as it is subjected to when a
prosthesis is fitted. It does not have the same weight bearing characteristics as the
heel and plantar surface of the foot. The primary function of the prosthetic socket is
to transfer the forces from the prosthesis to the skeletal system. As the primary
interface between patient and ground, the socket should achieve optimal distribution
of interface loads, whilst providing a stable and energy efficient coupling between
the residual limb and the prosthesis. An ideal fitting socket will be one which the
distribution of interface pressure is optimised throughout the gait cycle. However

there is no general consensus on what is the optimal distribution over the residual
limb (Mak et al., 2001).

3.3 Tissue Mechanics
The mechanical properties of skin are important on many different levels. The skin is

not only the largest organ; it is the physical boundary with the surrounding

environment (Tortora and Grabowski, 1998). Skin integrity is of great importance to
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the maintenance of good dermatological health. Skin which has lost its normal
elasticity and resilience can become bruised and cracked, which may produce a
difficult platform on which to act as an interface with the prosthesis. Residual limb
soft tissues within the prosthetic socket are subjected to a special environment. The
skin of the residual limb is not physiologically designed to endure the enclosed micro
climate environment and variety of pressures inherent in the wearing of an artificial
limb. Patients often express that their prosthesis is uncomfortable, common causes of
under-use are skin breakdown and painful walking (Lyon et al., 2000). Discomfort is
usually associated with skin complaints such as rashes, blisters, or other skin

irritations.

The conditton of the skin of the residual limb is of extreme importance to an
amputee’s ability to use a prosthesis. If the normal skin condition cannot be
maintained, the prosthesis may not be worn, even if the fit of the socket is accurate.
This results in the patient not only having a physical impairment but also impacts on
them mentally, socially, and economically. Lower limb amputees are frequently
troubled by skin problems (Lyon et al,, 2000). Maintaining stump hygiene is of
paramount importance in preventing infectious or traumatic skin problems in the

future of the amputee.

The skin acts as the body’s first line of defence against its surroundings. Over the
course of time a person's skin will undergo changes, sometimes these skin changes
are visible, such as wrinkles, blemishes or rashes. In other cases, the changes may
not be easily identified. Skin adaptation of the residual limb will take place as cells in
the epidermis and deeper in the dermis repair or protect damaged tissue, (Tortora and
Grabowski, 1998). Some amputees may experience problems due to the close-fitting
interface of the socket. Most trans-tibial prostheses have a close-fitting socket in
which air cannot easily circulate and which may trap perspiration. The liner is the

primary interface for weight bearing and uneven loading may cause stress or friction

on localised areas of the stump skin and deeper tissue (internal shear).
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Usually, the supply and removal of fluid in the body are well balanced (Campbell,
1993). However after amputation this balance is disturbed. The normal pattern of
blood and lymph channels and the relationship of pressures, both inside the vessels
and in the surrounding tissues of the stump are impaired which causes changes in

skin properties.

When amputees first begin to wear a prosthesis, the skin of the residual limb must
adapt to the entirely new environment. The amputee can expect oedema and redness
resulting from prior capillary bleeding. Some abnormal swelling can be partially
prevented by gradual compression of the stump tissues with an elastic bandage, or
shrinker sock, either before the use of the prosthesis or during times when the

artificial limb is not being used.

Tissue breakdown is more likely to occur if the area has been subjected to repeated

injury. Friction has both positive and negative effects on the residual limb. It has an
important role in achieving good suspension and load support, but contributes to the
heat build up within the socket and produces stresses on the surface of the soft tissue
that can be damaging. The shear forces on the surface may also cause stresses in

underlying tissue.

Surface breakdown may occur from repeated shear forces. Deep tissue distortion due
to shear forces is also another major contributing factor. Other contributing factors to
skin breakdown include the loss of sensation which can cause reduced nutrition and
oxygen perfusion. Pressure tolerance guidelines indicate that acceptable continuous
pressure is time dependant, with acceptable pressures reducing quickly after one hour
(Kosiak, 1961). Tissue was tested using pressures of between 0 and 700 mmHg
(90kPa). These values are much lower than the peak pressures, and even the average
pressures measured in the prosthetic socket. However, with the prosthetic socket the
cyclic action of the gait cycle results in variable pressure. The cyclic pattern of
pressure applied to the surface of the skin results in far less alteration of mechanical
properties than when the skin was subjected to static pressure (Edsberg et al., 1999).

In a different study, the same authors reported that tissue surrounding a pressure
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ulcer has undergone significant remodelling (Edsberg et al., 2000). These changes

could have vast implications to the residual limb environment when controlling and

distributing interface pressures.

Pressure management within the prosthetic socket can therefore be seen as an
important factor in achieving a good socket fit and comfort. Pressure measurement
will provide an objective measurement which can be used to evaluate a prosthetic
socket design. It must also be noted that in addition to interface pressure, a number of
other factors can compromise the condition of the residual limb and may cause tissue
breakdown. Factors include blood supply, temperature, nutrition, mental health, the
age of the person and residual limb volume changes. Many of these are the
predisposing elements which resulted in the amputation in the first place and are still

present post operatively.

3.4 Blood Supply

Human tissue requires oxygen and nutrients to maintain a level of repair. Anything
that causes poor circulation thereby reducing the flow of blood to the skin will
compromise the mechanics of tissue. Factors such as smoking, diabetes, high blood
pressure or high cholesterol can all compromise blood flow. Oedema causes skin to
be malnourished, and, eventually to get thinner making the skin more susceptible to
injury and breakdown (Tortora and Grabowski, 1998). People with diabetes have
numerous skin problems that require the combined contributions of the prosthetist,
medical specialist, and dermatologist. Skin breakdown is caused mainly by the
duration and intensity of pressure and by the degree of tissue tolerance (Brand et al.,,
1976). 1t can be defined as localised areas of cell death that develop when soft tissue
is compressed between a bone prominence and a hard surface for a prolonged period

of time.

Skin may breakdown as a result of unrelieved pressure occurring by sitting or lying
in one position for long periods of time, or by shear forces and friction., Damaged
skin will initially turn red at the area under the pressure and if care is not taken to

protect it from further damage, may break into an open sore.
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3.5 Temperature
A residual limb contained inside a prosthetic socket is likely to experience an

increase in temperature depending upon activity and ambient temperatures (Peery et
al., 2005). An increase in temperature may lead to an increase in perspiration, which
could increase the risk of tissue breakdown, if the skin becomes moist. The non
porous materials of the socket increase the risk of a build up of moisture, which thin
socks and liners worn over the residual limb are designed to remove. Temperature

increase can also be attributed by friction between limb and socket wall (Sanders,
2000).

3.6 Nutrition

The person’s diet can also lead to compromised tissue integrity. Poor nutrition
promotes swelling and compromises the process that gets oxygen to cells throughout
the body. Proteins maintain the skin’s elasticity, and help in wound healing.
Carbohydrates provide energy and nourishment (Tortora and Grabowski, 1998).
Without enough carbohydrates, the body will use proteins instead, which will make
them unavailable for their wound-healing job. Zinc is crucial for skin repair because
it helps metabolise carbohydrates, fats and proteins. Vitamins A and C increase the
skin’s strength (Campbell, 1993). Fluids are important to be maintained as more than

a litre of water each day can be lost as part of the healing process.

Physical Health can also impact on tissue mechanics; fevers can change the body’s
metabolism, alter skin tolerance, and lower the body’s resistance. In addition, fevers
shunt the body’s disease-fighting resources to areas where they’re most needed,

which is likely not to be the skin.

3.7 Mental Health

Mental Health also affects skin. If a person is stressed or depressed, they may not pay

as close attention to skin care, putting the skin at risk. Stress and depression can also
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change the body’s immune system. The body’s ability to fight off viruses can be

decreased by stress, and the healing process is slowed down (Ader et al., 199)).

3.8 Age

Over time, skin gets weaker, thinner, stiffer, and less elastic. Knocks, injuries and
pressures that at one time had no impact at all may now lead to bruises,
discolorations, and breakdowns. At the same time, the small blood vessels that take
oxygen and nutrition to the skin cells also age and degenerate, making them less able

to keep the skin nourished (Carrino et al., 2000).

3.9 Volume Changes in the Residual Limb

During the day the volume and shape of the residual limb is likely to change,
depending upon the activities of the amputee. Studies of trans-tibial vacuum sockets
have shown that they can reduce volume loss during gait by improving the balance of
fluid transfer at the residual limb with changes to the positive and negative pressures
during stance and swing. (Beil et al., 2002, Board et al., 2001). Upon removal of the
trans-tibial prosthetic socket, the residual limb can also increase in volume, as fluid
expelled by walking, and the restriction of the socket, returns to the residual limb.
This change usually occurs immediately after removal and after a few minutes
stabilises. Changes to the volume to the residual limb over longer periods of time

tend to be smaller than these initial increases (Zachariah et al., 2004).

3.10 Chapter Summary

In this chapter the key elements to observe when fitting a prosthetic limb have been

discussed. Knowledge of the underlying structure of the residual limb and the factors

that can disrupt the homeostasis of tissue influence the design of the prosthetic

socket. In the following chapter, the design of the prosthetic socket is described, with

these factors in mind.
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4 Prosthetic Socket
4.1 Chapter Introduction

The prosthetic socket is the most important element within the prosthesis and the fit
of prosthesis can define quality of life for the patient. It acts as the interface between
human and device, the shape capture of the two main socket designs and their

suspension methods are discussed in this chapter.

4.2 Load Transfer

The socket is designed to fit the skeletal structure, allowing for changes in the
musculature, whilst maintaining comfort and function. A total contact fit is required
to transfer body weight from the skeleton to the prosthetic limb, and provide the
broadest distribution of pressure possible, whilst minimising shear forces (Hachisuka
et al,, 1998, Sonck et al., 1970). The skin and the underlying soft tissues of the
residual limb are not designed to tolerate the high pressures, shear stress, abrasive
relative motions, and the other physical irritations encountered at the prosthetic
socket interface. In order to design a good socket fit with optimal mechanical load
distributions, it is critical to understand how the residual limb tissues respond to the
external loads and other physical phenomena at the interface. Two principles of load
distribution are generally followed when taking a cast for a prosthetic socket. The

load is either distributed over specific areas of the residual limb, according to the
underlying anatomy (Radcliffe and Foort, 1961) known as the Patella Tendon
Bearing (PTB) prosthetic socket concept. The second concept is to distribute the load

uniformly over the entire limb. This is achieved by using a pressure cast technique.

With the absence of the normal leg, the prosthetic socket must provide stability and

transfer load from body to ground in a static and dynamic loading condition during

the stance phase, whilst transferring the angular moments to create acceleration
throughout the gait cycle. In addition to this transfer of load, the socket must also
maintain its position when the leg is in swing phase. These factors, static and

dynamic load transfer and suspension, are what dictate the design of the prosthetic

socket.
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4.3 Shape Capture
The first stage in producing a prosthetic socket typically begins with a negative

plaster cast of the residual limb. The plaster is applied to the residual limb in the
form of plaster impregnated bandage. Once wet, the plaster bandage is wrapped
around the residual limb. When dry, the plaster bandage hardens and a negative
shape of the limb is produced. It is during this hardening period the plaster is
subjected to pressure. The difference in design theory dictates the method of
applying this pressure. The cast produced provides a rigid, static copy of the residual
limb in one set position. With a hard cast, it is impossible to address the shape
changes of bone and soft tissue that occur while an amputee walks with a prosthesis.
Just as the skin and soft tissue on the bottom of a foot is moulded and shaped in a
well fitting shoe, the shape of the residual limb changes while compressed in a
prosthesis. As a patient walks, pressure points on the limb vary with the body's

shifting weight.

The use of plaster of Paris as a method of capturing the shape of the residual limb to
create a prosthetic socket has changed little over the last fifty years. In one study

sand replaced liquid plaster as a means of producing a positive model (Wu et al,,

2003). It was shown that sand could reduce the fabrication times in producing a
prosthetic socket, and could be useful in developing nations where cheaper
alternatives are required. Other methods have been used recently including laser
scanning, CAD/CAM, vacuum casting and direct contact fabrication, such as ICEX
(Ossur, Iceland). All these processes have each been shown to exhibit their own
advantages over more traditional methods., One of the aims of these methods is to
reduce the inaccuracies between shape capture and definitive socket fitting. However

plaster of Paris still remains the most common method in daily use in the clinic.

Hands-On Concept (PTB)
The aim during the casting and rectification of a hands-on socket is to provide

pressure relief on pressure sensitive areas such as bony prominences, blood vessels

and nerves. Whilst plaster sets the cast is modified by applying pressure with the
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fingers over weight-bearing points e.g. patella tendon, The positive mould is rectified
by applying plaster to pressure vulnerable areas and removing plaster from pressure

tolerant areas.

Hands-Off Concept (Pressure Cast)
Hands-off sockets rely on an assumed uniform pressure distribution. Therefore the

wet plaster is subjected to a uniform pressure whilst the shape is obtained. The most

common method for this is by using air or water.

4.4 Consistency of Shape Capture

Humans are creatures of habit; any changes to the “norm” can bring fear and anxiety.
Anyone who has recently been through a life changing experience, such as losing a
limb, the fear of the unknown and what lies ahead may bring significant stress to that
individual. Even those patients who have many years and countless appointments
with a prosthetist may be unsure of what to expect if they are prescribed a
replacement limb. Maybe the limb they are currently wearing had been used for
many years, and the prospect of changing to a new prosthesis increases their anxiety.
This fear may be greater if the patient has experienced difficult periods adjusting to
prostheses in the past. Clinical experience suggests that most patients take time to
adjust to a new prosthesis, even experienced users. This adjustment period will vary
from patient to patient and prosthesis to prosthesis. Consistency of fit is important to
maintain on a day to day basis, but also each time a new prosthesis is delivered. If, at
the time of fitting an accurate and reproducible method could be implemented to fit a
new prosthesis the experience of the patient would be improved. This improvement
would last beyond the time of fitting, and serve to reduce the anxiety of the

anticipation of subsequent fitting appointments.

The consistency of rectification of hands-on style sockets has been investigated
(Convery et al, 2003). The study highlights the variations between different
prosthetists, and also indicates variations between rectifications from the same

prosthetist. The same group also compared the consistency of shape capture of the
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hands-on and hands-off sockets. Results indicated that casts taken using the hands-

off system produced more consistent results than the hands-on system (Buis et al.,
2003). Although both of these studies only involved a small number of subjects, the
results indicate that there is far less variation in the shape of the casts produced by a

“hands oft™ approach.

4.5 Socket Designs

Patella Tendon Bearing Socket (Hands-on)

The Patella Tendon Bearing (PTB) socket has been a successful method of designing
prosthetic sockets since its introduction in the 1960’s. The socket is based on the
biomechanical theory developed by Radclifte and Fort (Radcliffe and Foort, 1961).
The PTB socket design incorporates selective loading areas of the residual limb on
structures designated as those which can tolerate greater magnitudes of pressure.
This creates smaller areas to tolerate larger forces. Whilst reducing the loading of
sensitive areas. In doing so the residual limb is loaded proportionally to the
underlying soft tissue and bony structures. Subsequently the volume of the prosthetic

socket is different from the volume of the residual limb.

The name of the PTB socket is given due to the area of greatest loading, the Patellar

Tendon, Figure 1.

ligament

Figure 1: Loading of the Patella Tendon
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Pressure tolerant areas over the residual limb include the patellar ligament, anterior
compartment, and medial flare of the tibia, shaft of the fibula, gastrocnemius and
popliteal fossa. Tissue at these areas is compressed by the socket, reducing the
movement of the skeleton. Load is transferred to these areas from the anterior distal
tibia, fibular head, crest of tibia, peroneal nerve, distal cut fibula and the lateral tibial
condyle. These areas are seen as pressure sensitive sites on the residual limb. Until
the introduction of the PTB, thigh corsets were used to assist in the loading of the
prosthesis. The prosthetist has to rely on patient feedback to determine how much
pressure can be tolerated in different regions over the residual limb. The effects of
depth of patella tendon rectification have been investigated (Kim et al., 2003). They
found that by loading the patella tendon the pressures in other areas of the socket are
reduced. However a compromise between pressure applied by the patella bar and
pressure around the stump needs to be met. Subjective assessment found that a

patella tendon bar depth of 4mm produced the most comfortable sockets.

The trim lines of the socket are dependent upon the position of the areas for load
transfer, in particular the patella tendon and the reactive force at the popliteal area of
the knee. These trim lines can restrict the motion of the knee. Accurate marking of
the residual limb is required, in order to identify those pre-selected regions of
pressure tolerant and sensitive areas. Accurate casting of the limb is difficult as the
stump is wrapped using Plaster of Paris bandage. The tension and shape of a cast will
be dependant upon the prosthetist taking the cast and the experience of the
prosthetist. Careful rectification is required in order to replicate the transfer regions
determined by the assessment of the residual limb. It is difficult to repeat and be

consistent when using this type of cast method.

Pressure Cast Socket (Hands-off)
In the 1960’s the “Dundee socket” was developed (Murdoch, 1968). It was created

using a hydro cast method. The socket was designed in order to remove some of the
Inconsistencies that the more traditional wrap cast introduced. One of these

inconsistencies was the variation of training and manual dexterity of the prosthetist.

31



The amputee’s residual limb is covered with plaster of Paris bandage (POP), whilst
still wet the limb is placed into a tank of water, A membrane separates the limb and
water. The system is sealed enabling weight transfer through the residual limb whilst
placed in the tank. By adjusting the level of water, the position of the limb can be
adjusted. The pressure produced around the limb is uniform, thus creating a
different shape than that of the hands-on design. This principle of load transfer has
been described in terms of volume matching (Klasson, 1995). Volume matching
refers to the volume of the residual limb under load contained by the same volume in
the socket. The hydrostatic theory has a number of limitations such as the principle
of uniform pressure distribution (Pascal’s principle). This principle is based on a
fluid at rest; the fluid in the residual limb is not at rest during the gait cycle and so
shear forces may also be present (Goh et al., 2004). Another limitation is that the
theory assumes that the limb is a closed system, which it is not (Schuch, 1988).

The ICEROSS® casting system introduced in the 1990’s (Kristinsson, 1993)
followed the concept of uniform pressure distribution. Instead of using water as a
medium to create the pressure, the ICEROSS technique uses air. The system was
developed in response to the “ineffective” and “uncomfortable” PTB design. An air
filled bladder is inflated around the patient’s residual limb, which has been wrapped
with plaster of Paris. A number of studies have recommended various levels of
pressure which should be applied during casting ranging from 13kPa to 34kPa
(Kristinsson, 1993). A forerunner to the ICEROSS system was a pneumatic pressure
sleeve introduced in the 1960°s (Gardner, 1968). The authors recommended that the
sleeve be inflated to 100mm Hg (14kPa). The pressure during casting will influence
this as an increased internal pressure results in increased stiffness of coupling. A
study concluded that to achieve a stiff coupling the residual limb muscles should be
relaxed, thus reducing the cross sectional area of the limb (Lilya et al., 1999).
Although the study was conducted on hand cast sockets, it does highlight the need to
increase the stiffness of the system to improve the function of the socket. Pressure

casting accomplishes this by creating a volume and surface match between limb and
socket (Klasson, 1995).
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There are many variations on the pressure cast socket concept; however all
incorporate the principle of uniform pressure distribution over the entire surface of
the residual limb (Cluitmans et al., 1994, Datta et al., 1996, Hachisuka et al., 1998,
Kristinsson, 1993, Narita et al., 1997). This method creates an evenly distributed
pressure over the entire surface of the residual limb, irrespective of the underlying
tissue. The theory of uniform casting pressure is based on Pascal’s principle of fluid
dynamics and states that the external pressure applied on a fluid is transmitted
uniformly throughout the entire body of that fluid. The pressure on any surface exerts
a force perpendicular to that surface (Myers, 2006). When a fluid/semi-fluid is
trapped in a volume matched container it becomes able to transfer loads. Soft tissue
within the residual limb can be described as a sémi-ﬂuid, which when enclosed
within a prosthetic socket is able to transfer the force from the skeleton. The bony
arcas of the residual limb can be protected using silicone pads incorporated into the
walls of the prosthetic socket. The flowing characteristics of the silicone interface
liner means that the shape of socket is constantly changing in response to the forces

created during the gait cycle. This decreases peak pressures in the prosthetic socket

and increases blood circulation to and around the residual limb.

4.6 Benefits to the Patients

Most patients wearing a pressure cast socket also wear a silicone liner as an interface

between limb and socket. A silicone liner provides an adaptive interface between
residual limb and hard outer socket wall. No modifications are made to the shape or
volume of the cast during and after the casting process, therefore the socket has the
same volume as the residual limb. The proximal areas of the stump do not have the
same high demand for the transfer of forces as in the PTB design; therefore the
proximal trim lines are not required to be as high. This permits an increased range of

movement at the knee joint. Advances in suspension methods permit ever changing

trim line styles, which permit better knee flexion when sitting (Soderberg, 2002). The
intimate fit of the pressure cast socket aids in blood circulation, and helps prevent

ocdema. The greater surface area over which the residual limb can take loads means

that the pressures are reduced and the total contact nature of the socket increases
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sensory feedback and aids in improved proprioception. The liner transfers the shear

forces from the skin interface to the outside of the liner.

A study of trans-tibial amputees cited increased range of motion and perceived
reduction of weight as advantages over the PTB style socket (Kahle, 1999). The
proximal trim of the supracondylar suspension PTB socket incorporates the femoral
condyles, and is consequently much higher than a socket using auxiliary suspension
methods such as thigh corset or knee strap. One reason for the increase in range of
motion at the knee is due to the reduction in the level of the trim lines. The reduction
of the proximal trim line also improves the appearance of the limb (Cluitmans et al.,
1994, Hachisuka et al., 1998). However these authors also indicate that patients’ may

sometimes experience problems with the creasing of the liner during knee flexion.

Many of the studies examining the two design concepts indicate the hands-off having
an advantage over the traditional hands-on style. The interface between residual limb
and prosthetic socket is one area which has been investigated by a number of
researchers. Pressure studies have shown that the hands-off casting technique
produces less problems of tissue breakdown resulting from the interface pressure
(Cluitmans et al., 1994, Datta et al., 1996, Hachisuka et al., 1998). Whereas the
Hands-on PTB style socket principle creates uneven pressure distributions over the
surface of the limb. (Convery and Buis, 1998, Radcliffe, 1961, Radcliffe and Foort,
1961). Problems with skin abrasion caused by the stretch effect, as the PTB

prosthesis is donned have been reported.

Some users have experienced problems when using the prosthetic interface liners.
Skin irritation is one area that is widely reported (Cluitmans et al., 1994, Datta et al.,
1996), with itching and excessive perspiration cited as the main areas of concern.
The studies indicate that these skin problems reduce after a short period of wearing
the liner, as the residual limb tissue becomes accustomed to the environment (Datta
et al.,, 1996). The study also concludes that despite the advantages of the pressure

cast system, users of both systems walked on average the same distances.
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The use of silicone liners with integrated locking devices improves the cosmetic
appearance of the hands-off prosthesis, with the removal of external suspension

methods. In addition to the improved cosmesis, the studies show an improvement to

the suspension of the prosthesis (Cluitmans et al., 1994, Datta et al., 1996, Hachisuka
et al., 1998, Yigiter et al., 2002). Also an improvement in the ability to walk up and
down stairs due to the increase in knee flexion and less pistoning because of the
improved suspension and function of the design is reported. Pistioning can create a

shear force which in turn produces a stretch effect in the tissue of the residual limb,

which can cause skin abrasion.

4.7 Liners and Socks
Prosthetic socks and liners provide shock absorption and a method of adjusting the

volume of the socket. Prosthetic socks are available in several materials including
wool, cotton and synthetics. They help absorb perspiration and allow ventilation. To

accommodate for the volume changes patients can adjust the thickness of the

prosthetic socks, Figure 2.

Figure 2: Prosthetic Socket Socks

Socket liners can be custom made, usually formed during the manufacture of the

prosthetic socket and made from materials such as Pe-Lite, a dense flexible foam.
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Figure 3: Prosthetic Socket with a soft Pe-Lite liner

Stock liners are also used; these are usually available in silicone, urethane and may
incorporate impregnated oil which can be designed to resist bacteria and fungus
growth for skin health and odour reduction. Usually the silicone is attached or

sandwiched between fabrics, and provide cushioning, pressure distribution and

reduced friction, Figure 4.

Figure 4: Typical interface liners, silicone liner (left) and Pe-Lite Liner (right)
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Silicone tends to flow from areas of high pressure to areas of lower pressure within
the socket, maintaining of a more even pressure distribution. The softer interface can
accommodate small changes in limb shape within the socket. All of these liners are

airtight so that perspiration cannot escape.

Studies have suggested that over time the skin tends to sweat less within the airtight
liner once accustomed to the sealed environment (Cluitmans et al., 1994, Fillauer et
al., 1989). The liners primary purpose is suspension of the prosthesis. An attachment
ratchet pin screwed to the end of the liner attaches to a locking device in the distal
end of the prosthetic socket, providing a secure coupling of the residual limb to the
prosthesis. The liners also protect the skin against shear forces because movement

occurs between the outside of the liner and the adjacent material (Emrich and Slater,
1998).

Liners can offer protection against friction and dynamic pressure distribution
resulting from the flow characteristics of the materials, Suspension of the prosthesis
is achieved when fitted with a distal socket attachment. However these types of
prosthetic liners are required to be washed daily, carefully following the
manufacturer's recommendations. It therefore may be an unsuitable prescription for
some patients. Liners are generally much softer than the socket and are not rigid

enough to support the amputee’s weight without the support of the socket.

When fitting a prosthetic interface liner to a patient, the size of the liner is important.
The distal end of the liner can create tissue damage to the distal end of the residual
limb if the wrong size of liner is selected. Too small and the liner may create
excessive pressure over the distal skin. Too large and an air pocket may result at the
distal end, causing oedema of the residual limb. In a study of ratchet pin suspension

and suction suspension systems it was found that the pin suspension system may

cause an increase in suction at the distal end, causing daily and chronic skin changes
(Beil et al., 2002).
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The silicone liner brings with it both advantages and disadvantages to the prosthetic
system. Patients have reported it to be lighter and reduce the overall volume of the
prosthetic limb (Yigiter et al., 2002). Also experiencing difficulties in donning and
doffing the liners, which fit intimately to the residual limb, and require a degree of
precision when fitting (Hachisuka et al., 1998). This intimate fit of the liners can
create hygiene problems for the user (Kristinsson, 1993). Some of the hygiene

problems are due to the increase in sweating that occurs.

4.8 Suspension to the Residual Limb
As with load transfer, the suspension of the prosthesis also has two main design

principles, with many variations within these designs. The two principles are self
suspension, systems which do not require any visible suspension methods and
auxiliary suspension, those which rely on belts or knee cuffs for suspension. The
method of suspending the prosthesis will usually be dictated by the design chosen for
load transfer. Psychological implications of prosthetic rehabilitation are becoming
increasingly used in improving treatment. The sense of improved body image that a
prosthesis offers the amputee can be just as important as the ability to walk. Thus the
cosmetic appearance of the prosthesis may have a major role in determining if the
limb will be worn or not. Recent years have led to the rise in self suspending
methods of the prosthesis, removing the need for straps, buckles and corsets. A
prosthesis that has good suspension feels much lighter and allows the amputee to
ambulate with more confidence (Edwards, 2000). Secure suspension reduces the

movement between limb and socket, thus minimising the shear forces between the

two surfaces.

Both systems of suspension have advantages and disadvantages. As self suspending
methods remove the requirement for external straps, belts or thigh corsets, so the
cosmesis of these sockets is improved. However some patients prefer the additional
assurance that these straps offer. Self suspending methods are becoming the most
common method for attaching the prosthesis to the residual limb. These generally

bring increased freedom of additional movement at the knee joint due to the removal
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of knee straps and buckles whilst the use of the quadriceps muscles is maintained.
When describing pin attachments, they have been classified as self suspending
suspension methods. This is because they do not require the use of visible straps and

belts. A study of trans-tibial sockets used x-ray and cineradiography measurements
to investigate the suspension effects of both the PTB and silicone liner ratchet locks
(Narita et al., 1997). It concluded that the suspension effects of the silicone liners
were superior to the PTB and that the angle change between tibia and socket was

significantly smaller when using silicone liners with locking devices.

Auxiliary Suspension

Thigh corset with side joints
Few amputees wear this type of prosthesis; in general those that do either have knee

instability, or their skin on the residual limb cannot tolerate applied pressure. The

thigh corset increases the loading area of the prosthesis and is therefore sometimes

used for short residual limbs, Figure 5.

Figure 5: Prosthesis with Thigh Lacer and Side Joints

Some patients may have been prescribed this type of device in the past and are

reluctant to change. A study into the effectiveness of the thigh corset concluded that
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the interface pressure between limb and socket could be reduced by 19% if the thigh
corset was used (Shem et al., 1998). It 1s known that the thigh corset does cause

thigh muscle atrophy and the additional weight and size reduce the cosmesis and

Increases fabrication time.

Supracondylar Cuff
The cuft 1s attached to the medial and lateral walls of the prosthetic socket, and

rotates on 1ts attachment points as the knee flexes. The fully adjustable strap passes

above the patella, Figure 6.

Figure 6: Cuff Suspension

The cuft works best if the patella is prominent. The trim lines used in conjunction

with the cutt are lower than the supracondylar self suspending design, which reduces

the stability of the socket. Therefore knee stability and good muscle strength is

necessary for this design to be used.
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Suspension Sleeve
The sleeve is placed over the prosthetic socket and rolled up over the knee. The

sleeve is made from a material that has a high coefficient of friction, usually latex,

neoprene or silicone, Figure 7.

Figure 7: Prosthesis with Suspension Sleeve

This minimises the displacement relative to the residual limb. These liners suspend
the limb because they form an airtight seal next to the skin. This prevents sweat
escaping, however the skin tends to sweat less in an airtight liner once accustomed to
the sealed environment. These materials do occasionally result in skin reactions, and
cause heat build up and induce sweating. Because the sleeve is pulled up over the
proximal trim line, it conceals the shape of the socket, improving the contour
between socket and limb. It improves movement (reduced pistioning) and eliminates
the need for straps. Strength and hand dexterity of the patient is required as these
sleeves fit tightly around the socket and thigh. The sleeve can also be used in

conjunction with self suspending methods in order to assist in the suspension or

provide a visual assurance to the patient.
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Self Suspension

Supracondylar
The supracondylar design is the most common method for self suspending a PTB,

KMB, PTK and PTS socket design, Figure 8.

¥ Supracondylar Suspension
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Figure 8: PTB Prosthesis, showing PTB indentation and Supracondylar suspension

The proximal trim lines enclose the condyles of the femur and have a high anterior
wall enclosing the distal half of the patella. The medial and lateral walls are indented
above the condyles. The trim line provides more support anteriorly and aids
improved stability at the knee. The higher anterior trim can also act as a
hyperextension stop. However it does present a restriction in sitting and the higher

trim lines may generate a poor cosmesis.

Supracondylar, Suprapatellar
A similar design to the supracondylar socket, this design also utilises the femoral

condyles. The difference in this design is that the trim line encapsulates the entire
patella. This shape increases the medial-lateral stability of the socket and the trim

line proximal to the patella acts as an assist to prevent hyper extension of the knee,

Figure 9.
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Figure 9: Supracondylar, Suprapatellar socket design

Silicone (or Similar) liner with Pin/Lanyard
Liners are manufactured in a number of sizes to fit most residual limbs. Both the pin

and lanyard are attached to the distal end of the liner, Figure 10.

Figure 10: Silicone Liner, showing ratchet Pin and Lanyard
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The liner is rolled onto the limb and remains on the limb due to the high coefficient
of friction between liner and skin. Liners worn next to the skin can reduce the
friction and offer a dynamic pressure distribution because of their flow-like
characteristics. The pin engages into a ratchet locking mechanism at the bottom of
the socket when the patient pushes their limb into the socket. The ratchet pin can
only be removed by pressing a release button or turning of a screw. The lanyard is
more common for use in trans-femoral sockets; however it can be used in trans-tibial
socket design. The lanyard cord passes through the distal end of the socket, and 1s

attached to the outside of the socket wall.

Suction Socket
Designed to remove the need for auxiliary suspension methods, and so improve the

cosmetic appearance, and function of the limb. By establishing a negative pressure at
the interface between socket and limb during swing the socket remains in position. A
valve at the distal end of the socket permits expulsion of air from the socket but
prohibits flow into the socket. During the development of a suction socket it was
found that patients using the system had an increased range of movement at the knee

owing to the reduced trim line and absence of auxiliary suspension methods (Fillauer
et al., 1989).

4.9 Chapter Summary

The design of the socket must enable efficient transmission of loads between the two
interface structures. However the fitting of such devices frequently fails to provide
the best possible fit. An artificial leg delivered to provide mobility and increased
freedom for the user, can become the source of profound discomfort, For some, a
poorly fitting limb leads to painful pressure sores and troublesome, recurrent
infections. This investigation combines three outcome measures to provide an
understanding about how the fit of the prosthetic socket can influence the wearer’s
attitude. The three outcome measures are discussed in the follow three chapters,

namely pressure measure, activity monitoring and patient feedback.
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5 Pressure Measurement

5.1 Chapter Introduction

The prosthetist does not have any quantitative information to measure the pressure or
distribution throughout the socket in a clinical setting. Experience and feedback from
the patient are the only methods which can be used to asses if the socket fit is
adequate. The measurement of dynamic socket interface pressures remains a research
tool, rather than a tool used routinely in the clinic. This chapter introduces the
techniques used to measure interface pressure within the prosthetic socket and
explores the rational behind the choices made for the methodology of pressure

measurement in this investigation.

5.2 Techniques of Measuring Pressure
Transparent check sockets could be made prior to definitive socket fitting; this

enables the prosthetist to view areas of skin blanching, giving a visual indication of
interface load. However this assessment can only indicate static load, and does not
provide a tool for measuring dynamic load distribution, or a quantifiable measure of
pressure. The last twenty years has seen a number of investigations of pressure
measurement for factors relating to lower limb prosthetics. With the emergence of
smaller transducers, and more powerful, portable computers a large amount of

information has been collected.

The aim of this investigation is to measure the dynamic interface pressure of the
patients own prosthesis, however there are methods of calculating interface pressure

which do not involve the physical presence of the interface being measured, one of

these is using Finite Element Analysis (FEA).
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5.3 Finite Element Analysis

The use of physical devices in the measurement of the interface between residual
limb and prosthetic socket will have inherent difficulties. Computer modelling has
emerged which in part may overcome some of the physical constraints. It is not
limited to just estimating the interface pressure at the stump/socket interface, Finite
element analysis (FEA) has the potential to provide information relating to deeper
layers of tissue. FEA analysis computer models can provide data relating to the

interface pressures, stresses and movement of the limb within the socket.

A complex structure can be divided into a number of sections called “clements”.
These elements are defined by a number of points (nodes) which create the geometry
of the object being represented. The response of each element can then be calculated,
which forms the behaviour of the structure. Models can be designed in various ways,
using a combination of boundary conditions. These boundary conditions are defined
according to material properties. Linear or non-linear conditions can be implemented
depending upon the required outcome. In terms of prosthetic analysis, dynamic
models combine the effects of material properties with the addition of inertial effects
of gait, although dynamic analysis is relatively limited. A recent study (Jia et al.,
2004) investigated the effects of inertia on the FEA model. They calculated the
forces and moments with and without the effects of inertia and concluded that the
interface pressures and shear stresses are considerably different between the two
loading conditions. They recommended that future models be designed with
kinematic information of the limb. Although the properties of bone and socket
material can be modelled with a high accuracy, the challenge for FEA modelling
comes when representing human tissue. Boundary conditions are required within the
computer model in order to simulate friction between tissue and socket. Researchers
have investigated this problem (Zhang et al., 1996), however analysis is still based
on estimates of physical properties. A review of techniques used to model the

prosthetic socket suggested that the representation of tissue properties and the
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interface condition were two limitations of FE analysis (Silver-Thom et al., 1996,
Sewell et al., 2000).

5.4 Physical Measurement
In the case of this investigation, it is the pressure distribution at the interface of the

subjects own trans-tibial prosthetic socket which is to be captured. Analysis of the
pressure from each socket will be compared, and conclusions drawn between two
socket designs. This means that a system which can provide, accurate, reliable and

permanent data needs to be used. The interface pressure throughout gait is required
to be captured; therefore a system capable of measuring the dynamic condition is

required.

The distribution of underlying anatomy at the residual limb is uneven. This 1s due to
the fact that the residual limb is a combination of bone, soft muscle, skin and fatty
tissue, which all carry different tissue properties and characteristics. The measure of
interface pressure over the residual limb is one way in which to gain more objective
information in the manner in which the skeleton is coupled to the prosthetic socket.
It is important to know what is required to be measured. This will enable the correct
choice of transducer to be made. Interface pressure is the result of the forces present
at the interface and the area on which these forces act. Forces at the interface act in
combination of those acting parallel to the interface (shear force) and those

perpendicular to the interface (normal force).

Shear Force

The coupling between residual limb and prosthetic socket is an important aspect for
socket fit. The coupling is affected by the shear forces which generate when there is
movement between limb and socket. Both normal force and shear force are present in
the prosthetic socket and a compromise between the two has to be made. The
tightness of the socket will affect the movement between the socket and the limb. A
loose fit will reduce interface pressure, however shear forces will increase reducing

stability. Whereas a tight fit will increase the interface pressure, and reduce the shear
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forces, increasing stability. Friction is one element that can be used to influence the
coupling between limb and socket. To create movement within the socket, shear
forces have to overcome friction, which in some circumstance can cause tissue
damage. Some degree of friction is required to support the residual limb inside the

socket during stance and assist in suspension during swing.

Tri-axial transducers used in trans-tibial sockets have been developed (Sanders et al.,
1992, Williams et al., 1992). This design is capable of measuring the shear forces in
two directions and normal force. These all require special sockets to be
manufactured, and protrude out of the socket which may impede the subject when
walking. In one study placement of transducers on the medial aspect of the prosthetic
socket was avoided due to interference by the contra lateral limb (Sanders et al.,
1993). Measuring at specific locations within the socket may enable highly accurate,
sensitive transducers to be mounted (Sanders and Daly, 1993), but the position of

these devices remains vital to the interpretation of the data gained.

Movement between limb and socket has also been investigated by using x-ray
(Narita et al.,, 1997). This data only provided a static measurement, but they did
indicate that the tibia moves a considerable amount between the two loading

conditions.

Interface Pressure
The purpose of instrumenting the prosthetic socket in this investigation was to

measure the direct pressure between residual limb and prosthetic socket., The
interface pressure is defined as force per unit area applied on a surface in a direction
perpendicular to that surface, i.e. pressure (P) is a function of force (F) and area (A)
P = F/A. The SI unit for pressure is the Pascal (N/m?) (Myers, 2006). When
measuring pressure at the interface between residual limb and prosthetic socket kilo
Pascal will be used (kPa). There are three types of pressure measurements, each have

a different point to which the measured pressure is referenced. These are absolute,
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differential and gauge pressure. Absolute pressure measurement is measured relative
to a vacuum. Differential pressure measurements are taken with respect to a specific
reference pressure. Gauge pressure is measured relative to ambient atmospheric

pressure.

5.5 Pressure Transducers
The most fundamental component to any measurement system is the transducer. In

this investigation the transducer should be capable of converting the force at the
stump/socket interface to a pressure, and presenting this information in a manner that
can be analysed in relation to the other subjects in the study. The transducer must
not disrupt the interface being measured and should conform to the contours of the
prosthetic socket (Lee et al,, 1997). It should be capable of measuring pressure in a
dynamic situation, at a resolution and frequency suitable for capturing gait activities.
This narrows the type of transducer available, as many of the simple mechanical
instruments are not suited for this application. The measurable voltage signal

obtained via the transducer is converted to actual units of pressure.

Due to the vast number of applications which pressure is measured there are many
different methods of pressure sensors or transducers available. Sensors usually
convert pressure into an output, typically a voltage which can be measured. The three
most commonly used pressure transducers of this form are the Strain gauged device;
a change 1n pressure causes a strain gauged diaphragm to deflect leading to a change
in resistance and therefore voltage difference, which can be measured by a Data
Acquisition System. Resistive strain gauged devices have a large pressure range,
typically up to 100MPa, with an accuracy of between 0.1-1 percent of span, and
respond fast in a dynamic situation. The Capacitance transducer; the capacitance
between two metals plates changes if the distance between these two plates changes.
Piezoelectric transducers; implement the electrical properties of crystals such as

quartz. These crystals generate an electrical charge when they are strained.
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Criteria for Transducer selection
Nine key points to use when deciding upon the most suitable transducer have been

outlined, these are the range, sensitivity, frequency response, mass, accuracy,
hysteresis, linearity, cost and environmental conditions (Havey et al., 1996). A
description of these points are given below, with specific details relating to this
investigation. Although the perfect transducer would have ideal qualities in all of

these categories, a compromise would be expected for any application.

Range
The transducer used must be capable of measuring the full scale of interface pressure

expected with the prosthetic socket. An adequate allowance should remain at the
upper end of the transducer’s range so that the transducer will not be damaged if an
unexpected pressure is recorded. In previous studies of interface pressure, the
highest maximum peak values have been recorded at between 300 and 400 kPa (Jia
et al., 2004, Sanders et al., 2005, Zhang et al., 1998, Convery and Buis, 1998,
Convery and Buis, 1999). Although a typical interface pressure would be at about
100kPa. Based on this evidence, the transducer used should be capable of recording

up to S00kPa so that all eventualities would be covered.

Sensitivity
Sensitivity is closely related to the range of the transducer. As the range of the

transducer increases, so the sensitivity decreases, Therefore the range chosen should
not far exceed the maximum pressure expected. Sensitivity is the ratio of the output
signal to the corresponding input signal (Busch-Vishniac, 1999). As with range, the

sensitivity of a transducer must be matched to the expected levels of signal.

Frequency Response
The range and reproduction accuracy of a frequency which the transducer is capable

of measuring is called the frequency response.
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Mass and Dimensions
A transducer chosen for use in the prosthetic socket is required to be as light, small

and thin as possible. The subject will be required to walk using their prosthesis whilst
the transducers are attached to the socket. The transducer should not impede or affect

the gait of the subject due to its size or weight,

Accuracy
The accuracy of the transducer relates to how close the output of the transducer is to

the actual value being measured.

Hysteresis
When a transducer is taken from zero to full load and back to zero the output for a

given load value may be slightly different when the load is rising to when the load is
decreasing. The area between the two output curves is used to calculate the
hysteresis. Normally quoted as a percentage of full load. Hysteresis is an important
factor when deciding upon a transducer for use in gait application, owing to the

cyclic pattern.

Linearity
Linearity is defined as the closeness of a calibration curve to a specified straight line.

It is expressed as the maximum deviation of any calibration point on a specified

straight line during any one calibration cycle.

Cost
The cost of a transducer may dictate the level of the characteristics mentioned above.

However cost should not be seen as the most important factor.

Environmental Conditions
When compared to other conditions in which transducers are used, the interface

between residual limb and prosthetic socket may be considered less harsh. However
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the environment in which the transducer will be used should be considered. It 1s
known that the temperature within the prosthetic socket increases during use (Peery

et al., 2005) therefore any transducer used should be temperature stable.

The interface between residual limb and prosthetic socket is not a smooth flat
surface. The transducer chosen will have to conform to the contours of the socket. If
placed inside the prosthetic socket, the transducers should not interfere with the
volume or suspension between limb and prosthesis, The unique shape and curvature
of each residual limb will make the placement and sensing area of the transducer an

important consideration.

5.6 Transducer Types

The most common application for transducers is measuring force and pressure at the
stump/socket interface. Interface pressure measurement systems are currently limited
to research use due to the cost and adaptations required to the prosthesis. Although
current technology limits the use of pressure measurement as a clinical tool, the
implementation of regular pressure measurement techniques has the potential to
improve patient satisfaction and increase efficiency within the clinic. A recent study
summarised the benefits of pressure measurement in the clinic (Polliack et al., 2002).
The study suggested that by identifying areas for cast modification following check
socket fitting, the number of follow-up visits can be reduced. Quantifying the fit and
documenting this information can improve fitting of subsequent sockets by providing
more accurate and objective outcome measures. There are many designs of
transducer; each has a unique combination of characteristics that determines its
performance profile. The choice of sensor is determined by the principle of matching

the performance profile and measurement task (Urry, 1999).

Strain Gauge
When external forces are applied to a stationary object, stress and strain are the

result. Strain is defined as the amount of deformation per unit length of an object

when a load is applied. Strain may be compressive or tensile and is typically

52



measured by strain gauges. All strain gauges are designed to convert mechanical
deformation into an electric signal. A change in capacitance, inductance, or
resistance is proportional to the strain experienced by the sensor. If a wire is held
under tension, it gets slightly longer and its cross-sectional area is reduced. This
changes its resistance in proportion to the strain sensitivity of the wire's resistance.
The most widely used characteristic that varies in proportion to strain is electrical
resistance. Although capacitance and inductance-based strain gauges have been
constructed, their sensitivity to vibration, mounting requirements, and circuit

complexity has limited their application.

The strain gauge is used to measure the displacement of an elastic diaphragm due to
a difference in pressure across the diaphragm. These devices can detect gauge
pressure if the low pressure port is left open to the atmosphere or differential
pressure if connected to two process pressures, If the low pressure side is a sealed

vacuum reference, the transmitter will act as an absolute pressure transmitter.

Diaphragm transducers were used in early attempts to evaluate socket interface
pressure (Burgess and Moore, 1977, Pearson et al., 1974, Rae and Cockrell, 1971,
Appoldt and Bennett, 1967). One manufacturer, Kulite, adapted transducers
originally designed for use in the aviation industry for use in prosthetics (Burgess
and Moore, 1977, Pearson et al,, 1974, Sonck et al., 1970). A diaphragm to which
were attached strain gauges were also used in a study investigating the pressure
distribution of trans-tibial amputees (Goh et al,, 2003a). Their findings were

compared to the theoretical distributions that Radcliffe (1961) proposed when the
PTB socket was designed.

Capacitive
One type of capacitive transducer performs in a similar way as the diaphragm strain

gauge. The capacitance change results from the movement of a diaphragm element.

The deflection of the diaphragm causes a change in capacitance that is detected by a

bridge circuit. The diaphragm is usually metal or metal-coated quartz and is exposed

to the process pressure on one side and to the reference pressure on the other.
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Depending on the type of pressure, the capacitive transducer can be either an
absolute, gauge, or differential pressure transducer. Compared with strain gage
transducers, they do not drift as much. Tests performed using capacitance transducer

showed that it performed well in all categories it was subjected to (Polliack et al.,,
2002).

Piezoelectric

Dynamic forces can be measured using a piezoelectric force transducer. Surface
charge on the piezoelectric material is proportional to the magnitude and orientation
of stress induced. Resonant piezoelectric pressure sensors measure the variation in
resonant frequency of quartz crystals under an applied force. An in-shoe foot
pressure measurement system has been designed and developed to measure the
absolute pressure values at discrete predefined anatomical site. Piezoelectric
copolymer film transducers have been integrated into an insole system which

incorporates eight transducers for measurement of multiple consecutive footsteps
(Nevill et al., 1995).

Pneumatic
These sensors are flexible and are capable of conforming to the contours of the

prosthetic socket. They are preferred to a strain gauge or piezoelectric device as they
can isolate the interface pressure from the total stress (Krouskop et al., 1987). The
strain gauge and piezoelectric transducer both react to normal and shear stresses.
Although work with this type of transducer is limited within the field of prosthetics

as they do not have sufficiently quick response time to react to the dynamic nature of

gait.

Hydraulic
A prototype hydraulic transducer was developed for above knee prosthetics to

measure the pressure without the need to fabricate an experimental prosthesis. (Naeff

and van Pijkeren, 1980, Van Pijkeren et al., 1980). A small plastic bag containing oil
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1s placed inside the socket. This bag is connected to a tube which passes from within
the socket, to an external processing unit. The oil filled sensor is sensitive to changes

In temperature and is difficult to calibrate.

Force Sensitive Resistor (FSR)
A few studies have used FSR technology to investigate the dynamic loading pattern

of the trans-tibial amputee (Maurer et al., 2003, Sanders, 1995, Sumiya et al., 1998,
Convery and Buis, 1998, Convery and Buis, 1999). A FSR transducer is capable of
sensing an applied force. Transforming the physical pressure into a corresponding
electrical response. Changes in pressure are converted into changes in electrical

resistance. Increased pressure produces an associated change in resistance which can

be used to control circuits.

When external force is applied to the sensor, the resistive element is deformed

against the substrate. Air from the spacer opening is pushed through the air vent, and
the conductive material on the substrate comes into contact with parts of the active
area. The more of the active area that touches the conductive element, the lower the
resistance. Operationally, an FSR is similar to a strain gauge, the main difference
being that a strain gauge's backing deforms with the resistive element, while an

FSR’s does not. This fact is important to consider when mounting an FSR against a

support within the prosthetic socket.

Because the FSR's operation is dependent on the deformation of a continuous spacer

between two conductive elements, it works best when affixed to a support that is
firm, flat, and smooth. Mounting to a curved surface, (as is often the case when

placing sensors on the body or clothing) reduces measurement range and resistance
drift. One solution is to use a sensor with a smaller active area, since less of the

sensing area will be deformed by the contours of the body.
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5.7 Placement of Transducer

The design of the transducer to a large extent determines its placement on the

prosthetic socket in order to record interface pressure, Studies can be broadly divided
into two categories, those measuring pressure by placing transducers through the
prosthetic socket wall (Appoldt and Bennett, 1967, Goh et al., 2004, Sanders et al.,
1992, Sanders et al., 1993, Williams et al., 1992, Zhang et al., 1998), those studies

that mounted thin transducers onto the inside of the socket wall (Appoldt and
Bennett, 1967, Convery and Buis, 1999, Convery and Buis, 1998, Krouskop et al.,
1987, Naeff and van Pijkeren, 1980, Shem et al., 1998, Van Pijkeren et al., 1980,
Zhang et al., 1996, Springer and Engsberg, 1993). Earlier studies instead attached the
transducers directly to the patient’s skin. (Appoldt and Bennett, 1967, Burgess and
Moore, 1977, Rae and Cockrell, 1971, Sonck et al., 1970).

Transducers are mounted through the socket wall if the dimensions of the transducer
thickness necessitates. Positioning the transducer in this manner requires holes to be
drilled through the socket, or special sockets to be fabricated with provision for
transducer mounting. These transducers therefore can not be used in conjunction
with the patients own prosthesis, confining this method as a research tool, rather than
a clinical tool. This technique is expensive as it permanently alters the prosthesis, and
the proportion of the socket measured is limited. The amount of the socket which is
measured can be increased if the number of transducers is increased, but this
introduces other problems. Additional weight produced when these transducers are
attached may alter the gait pattern of the subject. An increase in the number of
transducers will result in a decrease in socket material, altering the strength and
mechanics of the prosthetic socket. Pressure gradients in surrounding tissue will not
be measured. Small variations in the position of residual limb inside the socket will
alter the pressures recorded. Critical sites such as the tibal crest, patella tendon and
fibula head have to be avoided due to their high curvatures (Sanders et al., 1993).

Sockets have been created by duplicating a patients own socket to create an
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experimental socket (Appoldt and Bennett, 1967). This enabled wall mounted

transducers to be used in a socket with which the subject was more familiar.

If the transducer is to be positioned inside the prosthetic socket, thin sensors are
required. This type of transducer can be positioned quickly, and does not interfere
with the construction of the prosthetic socket and no socket modifications are
required. Transducers of this kind include fluid filled cells, pneumatic transducers
and printed circuit designs. Transducers placed inside the socket may create stress
concentrations due to their finite thickness or variation to compressibility in relation

to the interface material.

Positioning the transducer between socket wall and residual limb increases the area
which can be measured. By increasing the number of pressure cells inside the socket
an array can be created enabling pressure distribution to be measured. Attempts to
produce a transducer array in order to increase the coverage over the residual limb
began in the early 1970’s (Rae and Cockrell, 1971) . Single cell silicone diaphragm
transducers were designed. Five of these were arranged in an array which could be
placed on the residual limb. These transducers were durable and sensitive enough to
be placed at the stump/socket interface to provide graphical representation of the

pressure generated. Although technology at the time limited the display of the data,

this did push forward the boundaries of prosthetic pressure measurement.

5.8 Pressure Distribution over the Residual Limb
Studies investigating pressure distribution over the residual limb suggest that

interface pressure is high at the popliteal region (Zhang et al., 1998). Other studies
confirm this finding and also suggest that the patella tendon and the anterior distal
area are other areas of constant high pressure during walking when wearing a PTB

socket (Pearson et al., 1974, Sonck et al., 1970). These results seem to be in line
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with the pressure profiles that Radcliffe suggested in his theory of biomechanics of
below knee prosthetics (Radcliffe, 1961). Using the Ground reaction vector, these
biomechanical profiles were examined by Goh (Goh et al., 2003a, Goh et al., 2003b).
These studies compared the theoretical distributions with results obtained using
strain gauge pressure transducers attached to the prosthetic socket. The results of this
study showed that none of the subjects pressure profiles measured followed those
described by Radcliffe. They noted that each subject exhibited a different pressure
profile, and the profiles were not determined solely by the ground reaction force,
which Radcliffe had suggested. Results of the study in which the hydro cast was

worn showed that the pressure profile did not exhibit a hydrostatic pressure profile.

Deformation of the residual limb may be caused by high interface pressures. An
accurate image-based method of visualising these limb changes within the socket
was developed (Commean et al., 1998). The system uses X-ray tomography imaging
to produce a 3D map of the residual limb. This restricts the clinical application, but

does provide a sound research tool with potential for assisting in quantifying what

makes a good fitting socket.

5.9 Prosthetic Pressure Measurement Systems
Pressure-mapping systems can be used to evaluate the performance of design

concepts and demonstrate the efficacy of these concepts for clinicians. Many of the
pressure measurement systems used to assess socket fit are confined to research tools
and are not appropriate for clinical use. A few systems have been specifically
designed for use inside prosthetic sockets. These devices are extremely thin, flexible
and cause minimum interference to the prosthetic socket, or patient. These properties
make them suitable for use with the patients own prosthesis, removing the need for

new experimental socket to be fabricated.

Rincoe Socket Fitting System

The Rincoe Socket Fitting System (R.G. Rincoe and Associates, Golden, CO),

comprises of force sensitive resistors (FSR) surrounded by a polyvenilidyne fluoride
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coating with a total thickness of 0.36mm. The array incorporates 60 individual cells
arranged in 6 thin rows containing 10 cells. Individual cells are separated by 2.3mm
(Polliack et al., 2000). Calibration of these transducers can not be performed by the
user, tables are provided for use with the software. Although the device is capable of
recording in both static and dynamic conditions (three points during gait), 1t 1s
limited to recording a maximum pressure of 83kPa. This device has been used to
evaluate static interface pressures within the prosthetic socket (Shem et al., 1993).
However due to the limited maximum recording range of the transducers, dynamic

recording was not possible.

Tekscan F-Socket Pressure Measurement System
The F-Scan in-shoe measurement system has been adapted for use within the

prosthetic socket. These transducers incorporate Mylar/resistive ink and utilise FSR
technology. The 9811 F-socket transducer specially designed for prosthetic sockets

has an array of 16 x 6 transducers giving a total sensing area of 15,150 mm?.

Transducers are 0.17mm thick which makes them flexible and ideal to record

pressures within the prosthetic socket without interference of volume.

A comparison of the two pressure measurement systems has been performed
(Polliack et al., 2000). The accuracy, hysteresis, drift and effect of curvature on the
transducers were tested. It was found that the F-Scan system had an increased
accuracy in both flat and curved orientation. However errors in hysteresis for both
systems were high. They concluded that the F-Scan measurement system had more

favourable results over the Rincoe system. They do recommend that both systems be

used with caution.

Novel Pliance System

Unlike the two previous measurement systems, the Novel Pliance System

Incorporates capacitance sensors. It comprises of a 4x4 matrix with 1-mm thickness.
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The system can perform using up to 16 sensor pads at once. However, with a

thickness of 1mm, this system may interfere with the volume of the prosthetic socket.

5.10 F-Scan Prosthetic Socket Transducers
The pressure measurement system selected for the application of measuring interface

pressure distribution within the prosthetic sockets in this investigation is the F-Scan
system manufactured by Tekscan, Inc. (Boston, MA, USA). The system is capable of
measuring pressure at the interface and does not interfere with the prosthetic socket
volume integrity. This is vital as the subjects own prostheses can be used when

measuring interface pressure.

Development of F-Scan System
Tekscan specialises in producing pressure measurement systems for biomedical

applications. A forerunner to the prosthetic socket pressure measurement system was
the in-shoe transducer. Limitations experienced in the use of the foot sensors led to

adaptations being made to the application of the socket transducers.

Dynamic pressure measurement systems were developed to overcome the limitations

that static measurement systems produced and provided a more comprehensive
indication of the interface pressure generated throughout stance. Due to the limited
and hostile environment within the shoe, many early systems failed, or prevented the
wearer from walking in a natural pattern. The F-Scan in-shoe pressure measurement
system was one solution to these problems, as it provided an unobtrusive method of
obtaining dynamic data. Measures can be made of repeated foot steps, thus reducing
the possibility of the subject targeting a force plate or pressure mat which is laid on
the floor. The F-Scan in shoe system was utilised in this study to identify the

initiation and end of stance phase.
The in-shoe system comprises of a matrix of cells embedded in a Mylar coating.

Each cell is spaced at Smm intervals. This forms a “pressure mat” which lies inside

the shoe. This system overcame problems of discrete sensors placed at specific
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locations within the shoe which could only provide limited information about the

interface. These discrete devices also tend to move within the shoe during gait.

The F-Scan matrix can be cut to the shape of the foot, thus reducing migration within
the shoe. The resistance at each cell is inversely proportional to the pressure applied
on its surface. As the pressure applied to the transducers varies, so the resistance
changes proportionally. The in-shoe transducer has been used in a number of

applications, with various degrees of success,

Calibration of the in-shoe transducer is performed “in situ” by loading each array
with the total weight of the patient. This is achieved by having the patient stand on
one leg during the calibration procedure. The system has a facility for the weight of
the patient to be inputted, thus each array can be individually calibrated. Results from
a study investigating the peak pressures recorded by the system indicated the
pressures were highly correlated with force platform measures. Strictly following
calibration as indicated by the manufacture is adequate for clinical purposes.
Providing a reliable tool in the management of pressure related foot conditions
(Mueller and Strube, 1996, Randolph et al., 2000). However the reliability of this
process has been questioned because the application of the F-Scan transducers in
many cases involves patients with impaired or compromised balance. Causing an
error of up to 14% in some cases (Woodburn and Helliwell, 1996). Users of the F-
Scan system can improve the utility of the data by regularly changing the insoles and

by calibrating using an air pressure bladder (Quesada et al., 1997, Rose, 1992). As
with the inaccuracies of in-shoe contours, the problem of calibration has been

address with the socket transducers, by using an air filled compliant membrane to

calibrate the transducers.

Calibration of the transducers remains one of the most critical procedures in
producing accurate, reliable results. By recognising the limitations of the system and
putting in place procedures which take into account these issues, a reliable outcome
can be achieved (Buis and Convery, 1997). The F-Scan pressure measurement

system has been used in several investigations into socket design. Various methods
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of calibrating and application of the transducer are seen in the literature. Many of the

limitations are not recognised in studies using the system.

Concern has been expressed as to the accuracy of the in shoe F-Scan transducers
when subjected to the curvature of the contours of the shoe. A comparison between
two matrix devices, the F-Scan and EMED system, questions the ability of the F-
Scan system to accurately measure plantar pressures (McPoil et al., 1995). These
concerns have been addressed in the application of the prosthetic socket transducers
within this study by implementing equilibration and calibration in situ within the

prosthetic socket.

The curvature of the prosthetic socket can introduce inaccuracies to the data. It has
been shown that placing the socket transducers in situ before calibration increases
accuracy by reducing the effects of bending (Buis and Convery, 1997). A
comparison study of a compliant feature socket used the F-Scan equipment to
measure the interface pressure in various designs of socket (Faustini et al., 2003). In
their study the transducers were calibrated using a pressurised flatbed bladder device,
then placed on the subject’s limb. Transducers were secured on the limb in order that
different sockets could be interchanged and comparisons drawn. This technique
introduces calibration inaccuracies as the position of the individual cells during
calibration and equilibration is different to the profile when recording pressure.
Comparisons may be drawn between sockets as only one subject was used in this
study. It can be assumed that inaccuracies measuring all socket designs were
consistent when measuring the different designs. Although this technique does
highlight the difficulty in producing consistent calibration if multiple subjects are

used and absolute measures are required.

Sites of cast modification were the focus of one study implementing the F-Scan
system (Springer and Engsberg, 1993). They suggest that this type of transducer
could be used to quantitatively evaluate the fit and comfort of new prosthetic sockets.

In order to identify the points of modification, the pressure transducers were placed
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directly on the residual limb. It is not clear how the system was calibrated, and
therefore the validity of the results can not be established. However their results were

similar to those of another study (Houston et al., 1994).

A study investigating the effects of interface friction on the interface pressure within
the prosthetic socket has been conducted (Zhang et al., 1996). The findings indicated
that interface pressures increase with the decrease in friction. F-Scan foot transducers
were placed in the prosthetic socket. Calibration of foot transducers was performed
by standing the subject on the prosthesis with their entire weight passing through the
transducer. This is possible when the sensors are in the shoe, as the line of force is
perpendicular to the sensor and so the shear element is minimal. However when the
transducer is placed in a near vertical position, as in the prosthetic socket a different
calibration approach is required in order to apply a perpendicular force to the

transducer.

5.11 Chapter Summary

It has been shown that the pressure transducers used in this investigation allow the
patients own prosthesis to be worn during data collection. This also enables a
recording to be obtained of the patient’s activity on a daily basis in activities of daily

living. The technique of activity monitoring is given in the next chapter.
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6 Activity Monitoring

6.1 Chapter Introduction

Regular physical activity and fitness are important for the health and well being of
people of all ages and abilities. Assessments of mobility can be used as a clinical
assessment tool. This chapter identifies methods used to assess human gait and the
influencing factors that may affect ambulation. Different activity monitor types are

highlighted and the selection of the activity monitor used in this investigation 1s

presented.

6.2 Gait Analysis

Prosthetists are able to observe the individual walking into or around the clinic room.
However assessment of activities of daily living such as walking on uneven ground,
or climbing stairs are more difficult to assess. Alternatively, patients are sometimes
asked to report on themselves by filling out a questionnaire or responding to
interview questions. Although these methods are quick and inexpensive, they only
provide subjective measurements and can be difficult to categorise, the accuracy of
such subjective measures may sometimes be limited (Sager et al., 1992, Smith et al.,
2004).

Gait laboratories can provide comprehensive analysis on how an individual walks.
Aspects of gait, such as kinematics, ground reaction forces and energy requirements
during walking could provide quantitative information. However, the mechanical and
physiological details of how people walk are not the only concern. Gait laboratory
testing does not show how much a subject can actually walk. An approach
complementary to traditional testing methods is to monitor activity as the person

goes about normal daily life. Studies have shown that continuous monitoring over
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several days provides a clearer indication into many clinical areas. Armstrong et al
(2001) monitored persons at high risk of amputation due to diabetes and concluded
that the ability to continuously monitor patients may assist clinicians in prescribing
activity just as they prescribe drugs (Armstrong et al., 2001). Although the study was
focused on providing care for those at risk of amputation, it does highlight the
importance of assessing patients in a day to day environment, one that can
supplement clinical activity. In order to gain objective measurements to the effects of
prosthetic fitting and quantify physical activity under normal living conditions a
valid, accurate and cost-effective technique of human movement, analysis and
monitoring is required. The extent to which a person is able and willing to move

about is often a strong indicator of their condition (Coleman et al., 1999),

The Prosthesis & Gait
The function of the prosthesis is to replicate the role of the amputated (or missing)

anatomical limb, to make standing and ambulation possible. An early study into
prosthetic gait found that patients were able to achieve a “good gait”, for the duration
of the walking cycle. This “good gait” was similar to that of normal subjects (Leavitt
et al., 1972). In order to achieve this “good gait” throughout the gait cycle, the
prosthesis must accomplish three different tasks (Fish 1993). The first is the
successful connection between limb and prosthesis, via the prosthetic socket. As has
been previously described, the socket is the interface between prosthesis and skeleton
and is required to transfer the axial and transverse forces generated during stance
between the two. The second task is weight acceptance, the most demanding task in
the gait cycle. Weight acceptance involves the transfer of body weight onto the
prosthesis during stance, In this position the knee is ahead of the ground reaction
force, thereby producing a flexion moment at the knee creating an unstable
alignment. Shock absorption and the maintenance of a forward progression are also
important components of this phase. Therefore the correct component choice and
alignment for the individual patient is important. During mid stance there is a period
of single limb support. During this time the prosthesis must support the entire body

weight and provide upper body stability while progression must be continued. The
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final task of the prosthesis in the gait cycle is limb advancement. This requires foot
clearance from the floor, as the prosthesis swings through to its destination in front of
the body. Foot clearance is performed by small adjustments in foot angle, however
the proprioception which would normally provide this feedback is missing on the
amputation side. The interface between prosthetic socket and residual limb must
therefore provide suspension between residual limb and prosthesis to ensure ground

clearance.

In order to gain a better understanding of the three functions of gait described above,
it is important to appreciate the dynamics of the gait cycle and how these three tasks

fit into it. Normal gait is driven by the proper functioning of the musculoskeletal

system and the nervous system. The nervous system is responsible for both motor
output and sensory input. In humans there is more than one group of muscles
responsible for propulsion. As a result it is possible for an amputee to compensate for
a defect in muscle control. Although locomotion is still possible using alternative

muscle groups, stride length and velocity are often compromised as a result.

Phases of Gait
The gait cycle can be divided into two phases, these being stance and swing. The

period during which the foot is on the ground is the stance phase. The swing phase
begins when the foot is lifted from the floor until the heel is placed down. During
normal walking stance phase lasts for approximately 60% of the gait cycle, and
swing occupies the remaining 40% (Whittle, 2001). Both phases are important in the
successful fitting of a prosthetic limb. Stance phase is of particular importance in
prosthetic fitting, as during this period the interface between residual limb and
prosthesis is subjected to the greatest load. Stance phase can be further divided into
smaller periods, dependant upon the location of the leg. During the measurement of

the prosthetic socket interface pressure, these sub phases of stance phase will be
utilised.
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Biomechanics of Amputee Gait
The biomechanical principles and pressure profiles of amputees were first discussed

by Radcliffe (Radcliffe, 1961). He based the Patella Tendon Bearing (PTB)
prosthetic socket design on the assumption that trans-tibial amputees walk in the
same manner as a non amputee. During initial contact the ground reaction force acts
anterior to the knee. This causes the knee to extend, with the hamstrings preventing
any hyperextension. The action of the hamstrings would cause increased pressure
concentration at the patella tendon and distal region of the posterior aspect. Reaching
mid stance, the ground reaction force would now be posterior to the knee, and so
produce a flexion moment. This tendency would be resisted by the quadriceps, and
extension of the hip. This action would produce a high concentration of pressure
along the anterior aspect of the limb with a tendency of the anterior distal region to
experience the highest pressure. The popliteal region would again experience a high
pressure and at this point in the gait cycle the pressure would be highest in a more
proximal area. At the end of stance, between heel off and toe off, the line of ground

reaction force would remain behind the knee, thus the same pressure profile would

remain as was expected at mid stance.

Abnormal Gait
When pain or tissue damage occurs at the residual limb, abnormal gait is often the

result. If a prosthetist is confronted with an abnormal gait they must have sound
understanding of the characteristics of normal gait to enable them to accurately
detect and interpret deviations from the normal gait pattern. However, each amputee
may display certain variations from the norm which are superimposed on the normal
pattern of walking. The prosthesis serves two roles in terms of gait. Firstly, it should
enable the user to hold an upright posture in order to maintain balance. Secondly, it
must be securely fitted in order that the wearer has the ability to initiate and maintain

rhythmic stepping, whilst walking.
Other factors are also attributed to achieving normal gait such as the musculoskeletal

system. This must provide enough support and control for the remaining intact bones

and well functioning joints as well as adequate muscle strength. Muscle tone must
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be high enough to resist gravity, but low enough to allow sufficient movement of the
lower limb. Vision is also vital to normal walking, particularly important when other
sensory inputs are reduced as in the case of an amputation, where propreoception 1s
compromised due to the loss of the foot. Vision and inner ear balance give
information about the movement and position of the head and body relative to the
surroundings and is important for the automatic coordination and balance responses

to changes in surface conditions via the vestibular system. (Whittle, 2001).

Elderly Amputee Gait
In the UK, the majority of trans-tibial amputees are elderly, 55+ years (NASDAB,

2005). In addition to gait deviations caused by the prosthesis, the elderly amputee
may also experience gait deviations due to their age. The prosthetist must be able to
distinguish the normal gait changes that occur with age from the abnormal gait
changes that occur due to incorrect prosthetic alignment or fitting. Elderly people
tend to have decreased muscle bulk, strength, and flexibility, as well as some loss of
hearing and vision. The major changes in gait are a reduction in the overall velocity
and reduction in the step/stride length (Judge et al., 1996). In general, when
increasing their velocity, the elderly tend to take more steps instead of increasing
their stride length. The elderly tend to have more trouble walking in situations that
require speed e.g. crossing the street, agility e.g. walking on uneven surfaces or in
crowds, or in the dark. There is also decreased arm swing, decreased rotation of the

pelvis, and a more flat foot approach to both heel strike and push off.

6.3 Patient Activity

It is known that increased physical activity can decrease the risk of obesity, coronary
heart disease, respiratory disease and diabetes. Based on the wealth of benefits
provided by regular exercise, health professionals recommend that patients increase
their level of physical activity. However, the factors that regulate an individual's
average daily activity level may be beyond the control of the individual. People are
classed as “sedentary” if they walk under 5000 steps per day. “Low Active” if they
walk 5,000-7,500 steps per day and “somewhat active” if they walk between 7,500
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and 10,000 steps per day (Physical-Activity-Task-Force, 2003). Government targets

recommend that people achieve at least 10,000 steps per day.

Comfort
If the amputee deems the prosthesis they are wearing uncomfortable, this may limit

their activity. Therefore it may be expected that the activity of the patient would be
an indicator of the comfort of the prostheses. However this theory is difficult to put
into practice, as no two people have the same lifestyle. For instance, two subjects
may have what they would classify as a good fitting socket, the socket may not be
causing any medical concern and pressures in both are at the same level. However if
one subject’s lifestyle demands a higher level of activity than the other, the
measurement of activity between these two individuals would suggest the more
active person to have the better socket, which may not be the case. Discomfort may
limit activity, however the opposite is not true, a comfortable prosthesis may not

always increase activity,

6.4 Monitor Types

There are a wide range of different measures for activity, including those based on
body acceleration, energy expenditure and heart rate monitoring. Subjective
monitoring includes the use of log books, diaries, observation and questionnaires.
The complexity and diverse nature of human activity means that it is likely that no
one method for recording human activity will provide all the answers. As devices
become smaller and more accurate it may be possible to incorporate many aspects of
monitoring into a single device. The method of choice will depend upon how the
measurement will be used and why 1t is being performed (Schutz et al., 2001). The
study recommends that if patterns and intensity of activity are needed, an
accelerometer may be better suited. This echoes the findings by an earlier study
which found that activity monitoring are reliable and valid measurement tools for

measurement during daily life (Bussmann et al., 1998).

Assessing patient use of the prosthesis is important, particularly in post operative

situations. Increased information may help target resources to areas which will help

69



increase rehabilitation. As in all health care professions it is becoming increasingly
important to provide evidence to support treatment provided. Patients in this study
have been fitted with an accelerometer based activity monitor, small in size, non-
invasive, and causes minimal intrusion to the subject movements during datly
activities. The duration, frequency, and intensity of activity are measurable using this

monitor. This information will enable any differences between the patients activity to
be highlighted.

The number of accelerometers is extensive and continually growing. With the
Nation’s health high on the agenda of government, the promotion of an increase in
daily activity has seen many companies promoting activity monitors. There is also an
increase in public demand for accountability in health care (Hoxie, 1995). Attention

1s now being drawn to methods of assessing treatment beyond the clinic room.

Monitors have been investigated by many researchers; It is increasingly becoming
more important to not only provide the number of steps performed, but the time and

duration of this activity (Zhang et al., 2003). The Step Activity Monitor (Brandes and
Rosenbaum, 2004, Hartsell et al., 2002, Silva et al., 2002, Smith et al., 2004, Boone

and Coleman, 2006a) provides useful, accurate records of physical activity. The
Sportbrain (Sportsbrain, Campbell, California) and Biotrainer Pro (IM Systems,
Baltimore, MD) also record the time and steps. These monitors are worn strapped to
the waist (Holtz-Neiderer and Armstrong, 2004). Problems with the inaccurate
recording of the numbers of steps when using waist worn monitors have been
reported, particularly in heavy and obese people (Silva et al., 2002). The monitors are
activated by movements at the pelvis, and small movements of the lower limbs may
not be recorded. The Ossur Patient Activity monitor, a lightweight design which fits
around the ankle of the user has been described as a potential tool to measure
amputee activity (Karason, 2005). The monitor can calculate the speed and distance
of each step. Other devices can detect if the user is sitting, standing or walking
(Walker et al.,, 1997) and require sensors to be positioned on the patients body in
order to detect its orientation. A commercial example of this is the Dynaport ADL
Monitor (Brandes and Rosenbaum, 2004). This device utilises three accelerometers

and is placed at the waist and thigh.
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This study recruited subjects at regular intervals throughout the year as seasonal
effects of activity have been studied and have indicated that activity increases during
spring and summer (Pivarnik et al., 2003). A study by Stewart (1998) reported that
the activity of patients reduced following amputation, with an increased use of
additional walking aids (Stewart, 1998). Armstrong monitored diabetic related
subjects at high risk of amputation, using a log book and activity monitor
(Sportsbrain.com, Sunnyvalem California) (Armstrong et al., 2001). The average age
of the subjects was 64.6 + 1.8 years and the study found that the subjects took on
average 4548 steps £ 779.3 per day. In a study of patients with a total hip
arthroplasties, Silva reported that the subjects walked close to 2 million cycles per
year (4 million steps per year or 11000 steps per day (Silva et al., 2002).

In a recent study, several inexpensive monitors were tested for reliability and validity
(De Cocker et al., 2006). Results show that many of the monitors gave inaccurate
records of daily activity, making them inappropriate for measuring physical activity.
These monitors were tested against a Yamax Digiwalker which has been shown to
provide reliable information when assessing daily physical activity patterns (Welk et

al., 2000). The study highlights the difficulty in accurately measuring daily activity.

The monitor selected for this study was the ActivPAL professional activity monitor
(PAL Technologies, Glasgow). The small, lightweight and discrete design makes it
ideal for the application intended in this investigation. Each monitor uses algorithms
to calculate the movements of the monitor on a second by second basis. A detailed

description of the activity monitor is described in section 9.2.3.

6.5 Chapter Summary

The gait pattern of an amputee and the importance of understanding deviations to

ambulation have been described. Activity monitors have been shown to be one tool
that can extend clinical assessment of prosthetic use beyond the clinic room. The use
of an activity monitor in this investigation enables quantifiable information to be

gained regarding the subject’s use of their prosthesis. Subjective assessment of the
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use of the prosthesis can be gained by questioning a patient. Patient feedback is

discussed in the following chapter.
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7 Patient Feedback

7.1 Chapter Introduction

The expectation of the prosthetist and the patient may differ when it comes to the
satisfaction with a prosthesis, It is not only the physical condition that is being
treated; psychological care is also vital to any successful rehabilitation programme.
This chapter describes the physical and psychological care required in prosthetic

treatment and methods employed to gain patient feedback. A literature review on
assessment techniques is presented, and the selection of the questionnaire used in

this investigation is outlined.

7.2 Quality of Care

The quality of care is the most important aspect of providing a patient with a
prosthesis. The aim of the clinical team is to deliver a high quality service. A
service that is able to create an environment in which the patient is comfortable,
both physically and psychologically. Satisfactory delivery of a prosthesis is the
ultimate goal of any prosthetist. However for the patient the final delivery of the
limb may not be as important as the process, and subsequent visits to the clinic.
The less trouble a patient experiences with the prosthesis, the fewer emotional
problems will be exhibited (Ham and Cotton, 1991),

7.3 Psychological Care

Pawar (2005) outlines several key points important in building patient satisfaction
and compliance (Pawar, 2005). Although the points made relate to healthcare in
general they serve as a good framework for prosthetic practice. They may go some
way to improving the experience patients face when adjusting to a new prosthesis
or prosthetist. Firstly, and probably most important of all, Pawar states that a sense

of trust should be built between the clinician (prosthetist) and patient. This is

essential in enabling any message to be received by the patient successfully. Trust
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must be established so that future treatment or advice can be effectively
communicated (Goleman et al., 2002). Many amputees attending the clinic for the
first time will be anxious about the unknown. Patients who have received poor
treatment in the past may also have an increased state of fear. In order to deliver a
successful service to the patient, prosthetists must listen to their patients in order to
provide insights into the lives of those being treated. This will enable the

prosthetist to understand the patient’s values, goals and challenges.

The second point Pawar outlines is that it is vital to uncover the needs of the
patient. The most important aspect to good conversation, involves asking questions
with interest and with a goal of trying to understand how the patient sees the world
around them. The relationship between patient and prosthetist may last several
years. Prosthetists have to establish themselves as trusted medical professionals in
order to lay the foundation for the long term care which will be provided.
Establishing a good level of communication and finding out the patients needs at

the beginning of any treatment plan may facilitate a reduction in patient

dissatisfaction.

If a patient attends the clinic and proceeds to complain about the treatment they are
receiving or function of their limb, the prosthetist should not immediately respond

with a solution upon hearing the complaints. Instead the prosthetist should explore

the reasons for the complaint and make a connection with every patient. It is
important to find out how their problems affect the patient’s day-to-day lives, or
how they have approached the problem and what their results have been. Only after
the patient has finished speaking should the prosthetist address other options and

ask the patient how these other options sound in the context of their overall goals.

When a person looses a limb, it is not only the physical loss that a person has to
cope with, The loss may have psychological implications that a prosthesis will

never really replace. Sigmund Freud's says in Civilization and Its Discontents,
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"Man has, as it were, become a kind of prosthetic god. When he puts on all his
auxiliary organs he is truly magnificent; but those organs have not grown on to him
and they still give him much trouble at times." Freud was referring to the car as our
prosthetic legs, or glasses as our prosthetic eyes. However it remains true that for
amputees, the aim of the prosthesis is to restore function after the loss of a limb,
but this can bring with it a great deal of pain. Freud had experienced pain from a
prosthesis. During the writing of the book, he wore a prosthesis in the roof of his

mouth as a result of throat cancer (Peters, 1999).

Some people relate to their prosthesis in a way that they give it a name, they think
of it as part of themselves, something to look after, In the same way that people
treat their glasses, amputees may need to keep the prosthesis near by in order to put
it on quickly when required. They may also have a feeling of freedom when taking
it off. There is also a more philosophical problem of where the self begins and
ends. The perception of body image has been found to be an important factor in
determining psychosocial well-being (Breakley, 1997). The amputees may feel
their old body and get the feelings through the artificial leg even though the
prosthesis is a mechanical device and their body is not connected to it. Prosthetists
should be aware of the psychological issues that may influence the rehabilitation of
their patients (Desmond and MacLachlan, 2002). After delivery of a prosthesis to a
patient, the prosthesis still remains the property of the government; people who
have had limbs for a long time can still regard it as something they have to give
back. When an amputee begins to get used to a prosthesis the prospect of having a

prosthesis replaced is more terrifying than losing the limb the first time.

Losing a limb and then being fitted with a prosthesis is as much an emotional loss
as it 1s a physical loss. There is a large variability in how people respond. Some
people will react as though it was a lost person and others will treat it with little
emotional response. The prosthesis can become a part of the patient, either
functionally in helping them to ambulate, Or it can also become a part of them

emotionally in a positive sense. This is a battle for some people in that the
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prosthesis is not a friend that they have chosen and it is often an annoying object in
the sense that it does not ha