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Chapter:1 Introduction

Chapter:1

Introduction

1.1 Background

Amputation is a surgery, often performed as a life saving measure. One of the most
common amputations performed is the trans-tibial amputation. A suitable prosthesis
helps in restoring the functional capabilities of the amputee. Buis (1997) stated that 3
to 4 million people in the developing world require a lower extremity prosthesis, of
which 70% are trans-tibial amputees, and the prosthesis of choice in this case is the
patellar tendon bearing prosthesis. This prosthesis has proved biomechanically,
clinically and in functional restoration, as one of the best. However, it takes quite
sometime before the amputee is comfortable with the prosthesis. This can be
precipitated due to lot of underlying factors. But the solution probably lies in the
right socket fabrication. The difficulty in getting the right socket in the first instance
is proving to be a difficult task, because of the lack of data on the distribution of the
mechanical stresses at the interface of an amputee’s residual limb and prosthetic
socket. This often leads to the rejection of the prosthesis by the patient or when used

it causes pain and leads to pressure sore formation.

Radcliffe and Foort (1961) have described the design of a prosthetic socket as one
whose contours must be able to provide a comfortable and functional connection
between the stump and the prosthesis under the conditions of dynamic loading when
the prosthesis is used. But to obtain such a design the pressure distribution around
the socket must be well understood, before the socket is fabricated. Although
CAD/CAM devices have been developed (Oberg et al 1989) to assist prosthetist in
socket fabrication, it still has not addressed all the issues, and socket fabrication often

relies on the skills of the prosthetist.
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1.3 Structure and outline of thesis

This thesis comprises of seven chapters in all. This chapter (chapter:1) provides an
introduction to the study and highlights the background against which the study was
carried out. Chapter:2 presents the literature review on the study and outlines the
various features of the patellar tendon bearing prostheses, skin response to
mechanical loading and finally gives a review of most of the transducers used in the
interface pressure measurement studies. Chapter:3 provides a description of the
instrumentation and design of the sensors and transducers used in this study,
especially the design of the patellar tendon bar transducer. Chapter:4 presents the
experimental methodology that was used to achieve the aims of this study. This
includes the validation of the Rincoe system, calibration of the Entran and patellar
tendon bar transducer and a description of the subject tests. Chaper:5 presents the
experimental results. Chapter:6 presents the discussion and analysis of the results.
Chapter:7 presents the conclusions and the outcome of the study and also gives

suggestion for any future work to continue in this area.



Chapter:2 Literature Review

Chapter:2
Literature Review

2.1 Trans-tibial Amputation

2.1.1 Introduction

Amputation is one of the oldest surgical procedures, and amputation of one kind or
another has been performed since time immemorial. The first evidence of amputation
can be traced back to the Neolithic age (Robinson 1991). Trans-tibial amputations
have been described by miracles of Saints Cosmos and Damian as early as 1500. In
1669, Pierre Verduin described a Trans-tibial amputation in detail and he designed a

prosthesis, consisting of a thigh corset with side irons and wooden foot.

Trans-tibial amputation is one of the most common forms of lower limb amputations
that are performed today. It is most common in elderly patients with diabetes and
peripheral vascular disease (PVD). Some of the other causes include trauma,
osteomylitis, tumours and congenital deformity. Amputations performed in the
elderly due to peripheral vascular disease accounted for about 77% of which 58%
also suffer from diabetes, and the average age of patients undergoing amputation is
58 years. Patients with trauma as the cause of amputation were much younger than

the patients with PVD as the cause of amputation (Berbrayer, 1996).

Trans-tibial amputation is one of the most important amputations in the category of
lower limb amputation (Murdoch, 1969). It is particularly important due to the
preservation of the knee joint ensuring better function and cosmesis. From a
biomechanical point of view, it may just be a little more than a loss of foot. In terms
of rehabilitation the patient with trans-tibial amputation can be expected to achieve a
higher functional level compared to one who has undergone a trans-femoral

amputation.
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2.1.2 Indications of amputation

Amputation can be performed for a number of reasons, some of the indications,
which warrant an amputation, are as follows:

» Peripheral Vascular Disease

» Trauma

» Burns

» Tumour

» Sepsis/Gangrene

However amputations can also be performed as a treatment in some cases such as:
» Painful limb
» Gross malformation
» Recurrent sepsis

» Severe loss of Function

2.1.3 Trans-Tibial Amputation: Surgery

The Surgical procedures followed in a trans-tibial amputation are varied and beyond
the scope of this thesis, however it is important to understand some of the principles
involved. The main aim of the amputation is always to leave a stump that will
encourage uncomplicated healing. The stump should also be left with good muscular
control and should be able to withstand pressures experienced in the stump socket
interface. The ideal length of bone that is required to be left behind in a stump is
usually between 12.5 and 17.5cms. Although stumps might be shorter or longer than
this due to variety of reasons, its generally found that stumps of shorter length
contribute less in terms of function and longer stumps have a tendency to breakdown.
Another important consideration in a trans-tibial surgery is the retention of the
fibular head, because this ensures a stump shape that provides maximum contact with

prosthesis thus aiding in a successful and rapid rehabilitation.
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2.1.4 Complications following an amputation

Following amputation some complications might occur, and these have a direct
impact on early prosthetic fitting and rehabilitation. These complications can be
broadly classified as ‘Early’ and ‘Late’ complications (Solomon and Warwick,
2001). The ‘Early’ complications being

» Secondary Haemorrhage

» Infection

» Breakdown of skin flap

» Gangrene

Some of the ‘Late’ complications are
» Ulceration and skin breakdown
» Bulky muscle cover leading to unstable cushion inducing instability with
prosthesis.
» Poor circulation
» Phantom limb sensation and pain
» Stiffness and deformity of joints
» Adherent scars

2.1.5 Prosthesis for trans-tibial Amputation

The first leg prosthesis was a bronze leg (bronze plate with wooden core) found at
Pompeii, dated at 300BC (Robinson KP 1991). From that time prosthetics has
evolved both in design and in the materials used. One of the most popular prostheses
that was used for a long time was one which encased the thigh in a corset attached
rigidly through a single axis joint to the shank accommodating the stump. The
drawbacks of this prosthesis are the mechanical restriction precluding the possibility
of normal action of the knee joint. Because of the lack of understanding of the
transmission of forces through the corset, the side joint and the socket, comfort and

effectiveness was largely neglected.
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In the late 1950’s the University of California commenced a program to provide an
effective prosthesis for the below knee amputee, and came up with the Patellar
tendon bearing Prosthesis (PTB). This was thought to be a significant advancement
in prosthetic design for trans-tibial amputees (Radcliffe and Foort 1961). Like most
prostheses for trans-tibial amputation the PTB consisted of three major parts: a
socket, a shank or shin and a foot. However the PTB prostheses differs from the
other prostheses in a way that the vertical support load may be largely borne by the
patellar tendon, which is a tough area and well suited physiologically for this
function. There are many number of variations of the PTB prosthesis based on the

type of socket, type of liner and suspension used as shown in figure.2.1

2.1.6 Fabrication of a PTB socket:

The PTB socket is usually hand made by a qualified prosthetist, although modern
day technologies have made it possible to fabricate using CAD/CAM devices (Oberg
et al., 1989). To fabricate a PTB socket by the manual method the following steps
are followed (figure 2.2 a,b,c)

» A wet cast sock is applied over the stump, ensuring a snug fit. The stump during
this process is held in about 30° of flexion in order to appreciate all the bony
prominences.

» The dimensions of the stump are next measured, and the bony prominence are
then marked, including the hamstring tendons

» Wrapping it with a wet plaster-of-Paris bandage makes a negative mould 6f the
stump, and during this process a light thumb pressure is applied on either side of
the patellar tendon and the popliteal area is indented by finger pressure.

» Filling the cast with a mixture of plaster-of-Paris and water makes a positive
model of the stump.

» After modifications have been made to the model by the prosthetist to make sure
that the pressures in the socket will be correct, a test, or check socket, is made by

forming a heated sheet of clear plastic over the model.
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» The clear plastic socket is tried on to make sure that it fits properly.

» Filling the clear socket with a mixture of plaster-of-Paris and water makes a new
positive model.

» The socket to be used on the definitive prosthesis is formed over the model by
using either a mixture of plastic resin and cloth or by forming a heated sheet of
plastic over the model.

» The definitive socket is attached to a pylon that can be adjusted for alignment and
walking trials can be made.

» The finished prosthesis may be either exoskeletal or endoskeletal.
2.1.7 Biomechanics of the PTB Prosthesis

The PTB socket and prosthesis often helps trans-tibial amputees to achieve gait
pattern which is almost near normal and this is mostly attributed to its design. In
order to understand this further a force analysis at the interface between the socket
and the stump is required.  This can be done individually during both the Static

phase i.e. standing and Dynamic phase i.e. walking.

2.1.7 a. Static Phase (Standing)

Looking at the forces acting during standing (static phase), the forces inside the
socket can be summated to form three distinct force vectors. As shown in figure 2.3,
they are named as S, L, M, and they act in the vertical, lateral and medial directions
respectively. The external forces acting on this system are W, which is the force due
to the gravitational pull on the body, and R is the reaction force from the ground to
the prosthesis. The ground reaction force R is medially directed and in order to
oppose it there is a laterally acting inertial force I equal to the horizontal component
of R. The force W acting through the centre of mass of the body acts on the stump
through a lever arm a, and this brings about a toppling effect which is balanced by
the lateral and Medial forces, L and M acting at the appropriate points of the stump
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as shown in the figurel.3, and the inertial force I. So the summation of about the
support point gives the relationship
L =Wa-Ic ----—-Equation 2.1
b

From the above relationship it can be seen that the lateral force L depends upon b
which is the distance between the point of application of L and the support point. It
can also be seen that it depends on the force I which can increase with the lateral
positioning of the shoe, in order to compensate for the more medially acting R. So a

longer stump or a laterally positioned foot can significantly reduce the lateral force.

2.1.7 b. Dynamic Gait

The action of these forces can be seen clearly during the phases of gait cycle from
the saggital view, as shown in the figure 2.4. The force pattern during the heel strike,
midstance and toe off phases of the gait cycle entirely depend on the position of the
resultant force R relative to the axis of rotation of the knee. When it is anterior to it
causes an extensor moment, which needs to be counterbalanced by the force, patterns
in the socket and vice-versa when it acts posterior to it. During heel strike the
resultant force R passes anteriorly to the knee joint causing an extensor moment and
this result in hamstrings acting to counter balance and resulting in a force pattern as
shown in the figure2.4. During midstance and toe-off the resultant force R acts
posterior to the axis of rotation of the knee, there by causing a flexor moment. This
is counter acted by the action of quadriceps and the force pattern in the socket

changes as shown in figure 2.4

Knowledge of these forces in the socket is taken into account in the designing of the
socket, so that they are transmitted comfortably between the socket and stump. The
Pressure tolerant areas and the sensitive areas in the socket have been identified as
shown in the figure 2.5 (Radcliffe and Foort 1961). The areas of contact through
which these forces are transmitted are chosen in such a way that they relieve
sensitive areas and at the same time compress only areas that could take up load

adequately.
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2.1.8 Summary

In the past decade trans-tibial amputation has risen in comparison to the trans-
femoral amputation due to the preservation of the knee and its biomechanical
significance. It has also less energy demands during prosthetic ambulation as
compared to the trans-femoral amputation. The Patellar Tendon Bearing prosthesis
and its development has helped many trans-tibial amputees return back to almost
normal lives. However a clear understanding on the effect of the patellar tendon bar
in the distribution of pressure needs to be understood from a scientific basis. This

might lead to better understand its role in trans tibial amputation rehabilitation.

10
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wear and tear that occurs in these regions. In the other areas like the arms and

forearms it is much thinner.

The dermis is composed of dense connective tissue containing many blood vessels,
nerves and lymphatic vessels. The dermis varies in thickness in different parts of the
body, tending to be thinner on the anterior than the posterior surface. It is thinner in
women than in men (Snell 1992). The dermis of the skin is connected to the
underlying deep fascia or bones by the superficial fascia, otherwise known as the

subcutaneous tissue.

2.2.3 Mechanical Properties of Skin

In the epidermis the cells migrate from the basement membrane at the junction of the
dermis and epidermis towards the surface of the skin. This turnover of the epidermal
cells contributes to the maintenance of its mechanical tolerance. As the cells migrate
they undergo the process of keratinization (Sanders et al., 1995). During this process
the epithelial cells die and the keratin remains and these molecules are reinforced by
formation of several disulfide bonds. This makes it strong, insoluble and resistant to
enzymes and breakdown. However the mechanical strength of the epidermis is
provided by the desmosomes which are plaque like attachments between the cells.
At the intercellular level the tonofilaments form the cytoskeleton and are in turn

attached to the desmosomes.

The dermo-epidermal junction is the interface between the epidermis and the dermis
and is mainly recognised for the mechanical attachment it provides between these
two layers. The dermo-epidermal junction is made up of the basement membrane
and a sub layer called the lamina lucida, which is considered the weakest point in this

interface (Briggaman and Wheeler, 1975).
The dermis consists of elastin (0.2-0.6%), Collagen (27 - 39 %), Glycoamiloglycans

(0.03-0.35%), water (60-72%) and cells. The elastin forms a mesh like network in

the skin, giving its mechanical integrity when minimal forces are applied (Daly

12
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1982). The skin loses its recoil capability at low force levels with the degradation of
this protein elastin. Collagen however, provides integrity to the skin at high force
levels, and acts as a principal load-bearing component of the skin. The molecules are
arranged in a staggered array giving them a striated appearance. The collagen
molecules are attached via crosslinks, covalent bonds between lysine residuals. The
collagen modelling occurs based on the distribution of the stresses, the
reinforcements in areas of maximum stresses and degeneration in areas of less stress.
Glycoaminoglycans along with water contributes the visco-elastic property of the
skin. The proteins like elastin and collagen are produced by fibroblasts, and hence
play a major role in the laying down of these proteins according to the distribution of

mechanical stresses (Clark, 1985).

2.2.4 Tissue Response to Mechanical Loading

The application of external forces to the tissues causes the tissues to deform, the
interstitial fluids to flow, ischemia, reactive hyperemia, pain, change in skin
temperature and colour ( Bader 1990). Within physiological limits these reactions do
not disrupt tissue functions. Skin trauma can occur either as a result of metabolic
defect such as ischemia or due to accumulated micro damage. The application of
forces in a improper way leads to damage of the structure and loss of functions. A
large force when applied for a short duration can cause direct skin breakdown.
However when forces of a moderate magnitude are applied the underlying blood
vessels and lymphatic channels become occluded, hampering the delivery of oxygen
and other essential nutrients for the cells and also causes metabolites to be
accumulated in the cells ( Micheal and Gillot 1990). This result in cessation of cells
functions, leading to tissue breakdown both in the superficial and deep levels. The
duration during which this process takes place directly depends on the magnitude of
the force and frequency of repetition. A frequently repetitive load leads to micro
damage causing inflammatory reaction and tissue necrosis leading on to its

breakdown.

13
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In a trans-tibial socket the stump is exposed to variety of forces, depending on the
relationship of the socket interface with that of the stump contour. These forces or
loads are dynamic or repetitive during locomotion. Thus these loads bring about the
skin breakdown. Some of the other factors that also leads to skin breakdown are
excessive slip between the skin and socket leading to tissue abrasion and generation
of heat (Mak et al., 2001). Secondly the high humidity environment in the socket
due to accumulation of sweat and lack of circulation of air generates irritability of the
skin and breakdown. Thirdly, skin breakdown can also occur due to chemical or
mechanical reactions or allergic reactions due to various socket and interface

materials (Levy, 1980).

Loading in a trans-tibial socket can be considered under three configurations, and

they are pressure, shear and friction and tension (Sanders et al., 1995)

2.2.4.a Pressure:

Pressure may be defined as a uniformly applied force acting perpendicular over an
area of skin. Pressure ulcers and skin break down occur as a result of these
uniformly distributed forces acting on the skin or load bearing areas for a long
duration. In a review of pressure related studies by Sanders et al., (1995) the study
on application of pressure and skin changes (Husain, 1953) has been reported. It has
been demonstrated in the above mentioned study that an ischemic histological
change was found in the underlying muscles when a pressure of 100mmHg (13Kpa)
was applied for 2 hours and a complete muscle necrosis was observed when the same
pressure was applied for 6 hours. It has also been proven that a relationship exists
between pressure and duration, particularly in the regions of bony prominence
(Krouskop et al., 1983). As this mechanism of tissue breakdown is irreversible
attention must be paid to this pressure-time relationship. Since trans-tibial amputees
wear the prosthesis for a considerable amount of time these pressures must be kept at

moderate levels.

14
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It has also been proven that deeper tissues are more vulnerable to injury from
pressure than the superficial skin (Daniel et al 1981, Nola and Vistnes, 1980). So
pathological changes first take place in the muscle and then progress on to the skin.
Some of the factors that hasten this process of skin breakdown are moisture,
humidity and temperature, as these decrease the stiffness of the epidermis and dermis

and thereby loading the deep lying tissues directly.

2.2.4.b Shear and Friction

This a force that is applied along the plane of the surface of the skin. Frictional force
comes into play when there is a relative displacement between the skin and the
supporting surface. These forces occur often in the stump-socket interface of the
trans-tibial amputee, due to the pistoning motion of the stump into the socket. The
action of shear and frictional forces on the surface of the skin can bring about blister
formation. Concentration of shear and frictional forces are higher over the bony
prominence. A combination of shear forces and pressure lead to occlusion of the
blood supply and tissue breakdown and at higher magnitudes of shear force a
minimal pressure can bring about skin breakdown and ulcers (Bennett et al 1979).
Most of the studies have been conducted on animals due to ethical considerations,
but earlier studies done by Naylor (1955) on human beings developed a relationship
between frictional forces and blister formation. He used different materials and loads
to quantify the threshold of blister formation. Through his work on human subjects
he stated that the lower the frictional force the greater was the work needed to break
down the epidermis i.e. formation of blister. Other parameters on which blister
formation depends are thickness and temperature of the skin. Sweating also
promotes blister formation, as it increases frictional force. Blisters usually occur as a
result of shearing between the epidermis and the deeper anchored layers of skin,

resulting in a cleavage between them filled with fluid.

2.2.4 ¢ Tension
Tensile loading is said to occur when the skin is stretched or pulled across a surface.
In a trans-tibial amputee tension can be located near adherent scar tissue or at the

distal end of the stump due to the action shear forces. Tension can be induced in

15
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trans-tibial amputees without even the stump coming in contact with the socket. This
can be observed over the anterior tibial crest due to the anterior shear stresses.
(Sanders et al 1992). Such excessive tension can lead to tissue breakdown. However
studies to investigate the effects of tension on the skin have been carried out on
animals and on healing surgical wounds. This comes into application when suture
wounds experience tension inside the socket. As healing wounds have less tensile

strength, tension can cause breakdown to occur easily.

2.2.5 Clinical manifestations of mechanical loading

The mechanical loading of tissues first comes to the notice of a clinician through the
complaints of the patient, and an extensive clinical investigation would reveal the

following at the site of loading

2.2.5a Pain

This is the first response that a human body registers due to mechanical loading, it is
generally perceived as a discomfort. In an amputee with intact sensation this is
perceived immediately when the skin is loaded with a large abnormal force and the
reflex mechanism avoids further application of this force by a change in gait pattern
or posture. However in an amputee where sensation is affected this leads to

irreversible damage, as they are not able to perceive the pain eg. Diabetic patients.

Some of the other clinical manifestations that occur due to mechanical loading are
Microvascular responses and changes in the perfusion of the skin, accumulation of
metabolites in the sites of loading and occlusion of lymphatic channels causing

oedema, and changes in skin temperature.

16
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2.3 TRANSDUCERS USED FOR PRESSURE MEASUREMENTS

2.3.1 Introduction:

Pressure measurement studies in Trans-tibial prostheses is not a new development,
but has been investigated methodically for about 50 years (Mak et al., 2001). As a
result of these studies, various changes in the socket design have taken place i.e
thigh-lacer side joint, patellar tendon bearing prosthesis rtc.,, The information
obtained from these investigations has also brought about better understanding of
socket load transfer and to validate information obtained through computational
modelling. Measurement of interface pressures is usually done using pressure
transducers, sensors and various other pressure measurement techniques. As a result
of the extensive investigations carried out in this area many pressure transducers and
sensors have been developed to get an accurate picture of the pressure distribution at
the stump socket interface. These techniques have also been reviewed by various
investigators such as Sanders (1995) and Silver-thorn et al., (1996). Although, at
first glance this may look to be an area that has been well investigated and reviewed,
infact still a good understanding of the distribution of these pressures is lacking and

still relies on the skill of the prosthetist.

The study of the interface pressures in a residual limb is thus inevitable. The
transducers used for this purpose can be classified based on their operation as follows
(figure 2.6).

Types of Transducers

v v v v

Fluid-Filled Magento-resistive Strain-gauges Force Sensing Resistors
(FSR)
Diaphragm beam/cantilever

Figure 2.7. Types of Pressure transducer based on their operation

17
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2.3.2 Fluid-Filled Sensor:

Fluid-filled sensors have been used for interface pressure measurements in sockets.
These sensors were placed between the skin and the socket liner. The advantage
offered in comparison to kulite transducer is that, the edge stress concentration is
reduced, because it is more flexible. They were fabricated by Van Pijkeren and were
used in various socket interface pressure measurement studies (Van Pijkeren et al.,

1980 , Naeff and Van Pikeren, 1980)

2.3.2.a Design:

The sensor was made from Poly-vinyl chloride sheets and it consisted of a 0.25mm
thick, 7mm diameter, cylindrical liquid chamber attached to a 1.2mm nylon tube, that
exited at the socket brim to a pressure sensing diaphragm. The external sensor was
0.6mm in thickness and 30mm in diameter. This transducer was not used to collect
data in walking due to its limited dynamic response. The nylon tube loading in the
socket caused a loss of sensitivity, because of its large fluid volume compared to the

volume of the fluid in the sensor.

2.3.3 Magneto-Resistive Transducers:

These transducers work on the principle of transduction. The resistance of the semi-
conductor resistor varies according to the magnetic field applied to it. The resistor is
thus arranged in a bridge configuration, and a magnet is placed over them. The
displacement of the magnet by a force proportionally alters the resistance, and thus
gives out an electric signal. Transducers using this principle were first developed by
Tappin et al (1980). This was a single axis-transducer but this principle was later
used by Williams et al.(1992) to develop a triaxial force transducer to investigate

stresses at the stump socket interface.

18
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2.3.3 a Design of the Transducer:

The design of the transducer is shown in figure 2.8

In the triaxial force transducer, the two shear forces were measured simultaneously.
The transducer consisted of 3 disks constrained by ridges and grooves, so that the
outer two slide orthogonally with respect to the inner disk. FEach outer disk
contained magneto-resistor elements. The inner disk contained the magnet. A
FP1111100 Siemens differential magneto-resistor was chosen, for its good
temperature stability, although it has reduced magnetic field sensitivity. The reduced
sensitivity to the magnetic field is addressed by using a neodymium boron iron
(NdBFe) magnet for its optimal magnetic field saturation, and using a clearance of
0.lmm between the magnet and the element. Once the magnet was set to accurately
move to the shear force over the element, a restoring force was required to bring it
back to its original position, this was done by an elastic medium made of Natural
rubber. The rubber was glued to the aluminium disk using an epoxy adhesive. The
overall thickness of the shear section of the transducer was 3.8mm, with a diameter

of 16mm.

To measure normal force an in-house strain gauged diaphragm technique was used.
A Technimeasure QF DPF 9-350 full bridge foil gauge mounteq on a silver steel
diaphragm was used. This particular strain gauge was chosen for its sensitivity and
stability with temperature. The normal force transducer was assembled with the
shear transducer, but was oriented away from the stump surface, so that an indenter
could be incorporated. This measure was taken to avoid any artefacts in the
measurement due to variable tissue characteristics. However the problem with the
indenter is the chance of overloading of the diaphragm, this was overcome by using a
overload protection mechanism, which distributes the load evenly over the
diaphragm. The thickness of the normal section was 1.1mm making the overall

thickness of the transducer to be 4.9mm.

19
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2.3.3 b Data Collection:

The signals obtained from the transducer were amplified, and then filtered using a
four-pole Bessel filter, to filter frequencies above 250Hz. The signals were then
converted to digital using a 12-bit A/D converter attached to a micro-computer. The

sampling frequency for the data collection was 25Hz.
2.3.3 ¢ Properties of the Transducer:

Although Williams et al. (1992) stated that the transducer had met its original
specification, it has been commented by themselves and Sanders (1995) that the
transducer has a hysteresis of 8% of the full scale output for shear forces. In the case
of the direct stress, a hysteresis of 2% of the full scale output was noted. Due to the
overload protection incorporated in the transducer, there was a progressive reduction
in the sensitivity to higher loads. For the normal axes, creep was practically
negligible. ‘The transducer had a force resolution of 0.2N in the shear axes and a
0.1N in the normal axes. The temperature sensitivity drift was less than 0.7% per

degree C for the shear axis, and 0.15% per degree C for the normal axis.

2.3.4 Strain-Gauged Pressure Transducer

2.3.4 a Diaphragmatic type: Kulite Transducer :

The kulite transducer is a diaphragm deflection strain gauge transducer. The kulite
transducer was used in many interface pressure measurement studies in sockets

(Sonck et al., 1970, Pearson et al. 1973, Burgess and Moore, 1977)

The sensing element was 3.2mm in diameter and 0.8mm in thickness. This was
designed to measure only pressure. It was a monolithic integrated circuit wheatstone
bridge formed directly on a silicon diaphragm. A stiff backing was provided to

prevent it from bending. A four-conductor ribbon cable of 0.5mm thickness was
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attached to its bottom surface. The symmetry of the sensor in respect to the disk
central axis makes it insensitive to all loading except in the normal direction. The
transducer was also light weight. It has good sensitivity, and so does not require
amplification. But there are lot of limitations associated with this transducer such as,
it underestimates the stress at skin which is thin and over the bone. The sensor‘
movement during ambulation makes stress comparison difficult. The kulite
transducers were inserted between the skin and the socket liner, so the cables inside
the socket, distort the pressure measurements. Due to a stationary data acquisition

facility, the amputee cannot move around much.
2.3.5 Cantilever/beam Strain gauge with Diaphragmatic combined

This is a type of transducer that uses a strain gauged beam or cantilever to measure
the shear stresses and a diaphragmatic strain gauge to measure the pressure. The two
components were first developed separately by Appoldt and Bennett (1967).
However later Sanders and Daly (1993a) and was subsequently used for various
socket pressure measurement studies in trans-tibial amputees (Sanders and Daly
1993b, Sanders et al., 1993 and Sanders et al., 1998). The transducer developed by

Sanders and Daly (1993a) has been discussed in detail in the following section.

2.3.5.1 a Design:

This transducer had a 6.35mm diameter-sensing surface, and it records forces in
three orthogonal directions. Shear measurements in two orthogonal directions in the
plane of the transducer were measured by metal-foil strain gauges (EA-06-031DE-
120, micro measurements, Raleigh, NC). These strain gauges were mounted on 1.52
mm square cross-section aluminium beam. Two gauges were mounted on each face
so that the distance between gauge centres was 12.7mm. A wheatstone bridge was
configured, using the gauges in the opposite faces. Thus shear force measurements

were in sensitive to off-centre normal forces.
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The force normal to the sensing surface was measured using a full-bridge diaphragm
strain gauge (EA-13-182JB-350, Micro measurements, Raleigh, NC). The gauge
was bonded to the inside of a cap. The cap was between the cap support and the
Pelite disk. The normal force applied on the cap surface was measured from the
diaphragm deflection. The pelite layer on top of the sensing surface was 2.80mm in

thickness and was bonded to the outer surface of the cap by a thin layer of epoxy.

2.3.5. b Data Collection:

The data were collected after signal conditioning, using filters and amplifiers. Filter
cut-off frequency was 1kHz. An amplifier gain of 4000 was used in walking trials.
In pilot studies using this transducer, data collection was performed at 500Hz
sampling rate, later a 125Hz sampling rate was set. The signal obtained had a
bandwidth of 0-40Hz. A low-pass filter had to be used to filter out high frequency
noise signals. In the initial design a strip-chart recorder performed data acquisition.
Later an A/D converter was used and the data were fed to a personal computer for

processing. The system was controlled using a program written in Quick basic.

2.3.5 ¢ Positioning of Transducer in the socket:

The transducers were positioned in a mount (table 2.1) bonded to the outside of a
socket such that the sensing surface was flush with the pelite lining the inside of the
socket. The transducers were placed in low curvature locations of clinical interest,
because of the concern that the transducer would distort the normal socket shape.
Holes measuring 8.73mm in diameter were drilled perpendicular to the wall of the

socket.
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Site Abbr. Description of Location

Anterior lateral Proximal ALP | at the level of the tibial tubercle, lateral side
Anterior Medial Proximal | AMP | at the level of the tibial tubercle, medial side
Anterior Lateral Distal ALD | distal stump, anterior tibial border, lateral side
Anterior Medial Distal AMD | distal stump, anterior tibial border, medial side
Lateral L femoral neck,~2cm distal to the fibular head
Posterior Proximal PP | mid-calf, on the posterior longitudinal midline
Posterior Distal PD | distal-calf, on the posterior longitudinal midline

Table.2.1 Position of transducer sites (Reproduced for Sanders and Daly, 1999)

2.3.6 Force Sensing Resistors:

Force sensing resistors have emerged as a result of development in technology.
These are extremely thin sensors that are placed between the skin of the stump and
the socket. All the techniques that were discussed earlier can measure pressure at
discrete focal sites because of the large diameter of the sensing surface. However
using force sensing resistors a sensor mat with an array of pressure cells can measure
the distribution of pressure around the socket. Commercial systems using Force
sensing resistors have been developed, namely the F-scan system and the Rincoe
socket fitting system. Studies have been done with the F-scan system in trans-tibial
amputees (Convery and Buis, 1998, Convery and Buis, 1999) and similarly the
Rincoe Socket fitting system has also been used (Shem et al. 1998). However the
accuracy of both systems have always been under debate and studies have been
carried out comparing both the above mentioned systems (Polliack et al. 2000).

Buis and Convery (1997) reported problems of calibrating the force sensing resistors.
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processed in the computer using a special software provided by TEKSCAN®, who
are the manufacturers of this transducer. The software displays two and three
dimensional graphs or pressure distribution images. For statistical analysis the data

may be stored in the form of an ASCII file. The software is user friendly.

2.3.6 b The Rincoe Socket Fitting System (SFS)

This transducer also uses force sensing resistors (fig 2.10). It is primarily used as a

diagnositic tool by the prosthetist to improve the fit of the socket

The transducer is extremely thin, and is placed inside the socket, to measure the
pressures inside them. The pressure measurements are done by up to 60 pressure
sensors placed in six equally placed strip around the socket wall. Depending on the
areas of pressure, the strips can be positioned accordingly. The transducer is
attached to a 30ft long cable, which permits pressure readings to be taken for up to
60ft, and at any point of the gait cycle. The computer then processes the collected
data and using the Socket fitting System (SFS)® graphics, the pressure distribution
inside the socket can be visualised. A detailed description of the Rincoe socket

fitting system can be found in section 3.1

2.3.7 Summary:

All the transducers discussed so far have both advantages and disadvantages, either
in the design or on the working. However these have not been studied enough and
validated. The F-Scan system can be used to study the interface pressures, because
the instrumentation of the socket is quite easy. But a discrete method measurement
although measuring only selected areas of the residual limb, gives a more accurate

estimate of the stresses. ,
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CHAPTER:3
INSTRUMENTATION AND DESIGN
3.1 Rincoe Socket Fitting System

3.1.1 Introduction

The shape and contour of a trans-tibial socket varies from amputee to amputee. To
study the behaviour of the interface in these sockets the areas of high pressure need
to be determined. In interface pressure measurement studies that were conducted
earlier (Sanders and Daly 1999, Wandrum 2000) the transducers were mounted at
anatomically predetermined points in the socket. However one of the objectives of
the present study was to identify areas of high pressure and to monitor the pressure in
these points during standing, walking with various indented positions of the patellar
tendon bar. The Rincoe Socket Fitting System was used to detect areas of high
pressure in the socket, and these later became the sites where the Entran pressure

transducers were mounted
3.1.2 Selection of Rincoe System

The Rincoe Socket fitting system is a diagnostic tool used by prosthetists to assist in
obtaining a good fit of the socket. But the Rincoe socket fitting system has also been
used for scientific studies to determine interface pressures in trans-tibial amputees
(Shem et al 1998). There are also studies which show the Rincoe socket fitting
system to be less accurate in terms of the pressure measurements compared to other
Systems such as Tekscan (Polliack et al 2000, Hunter 1996). However it has been
made clear by the above studies that these systems are adequate in indicating areas of
high pressure at the stump socket interface, provided its limitations are taken into
account. The sensor strips that are placed at the interface between the stump and the
socket, being extremely thin do not elevate the pressures due to their presence.

5
These reasons justified the selection of the Rincoe socket fitting system.
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4,2 Calibration of the PTB mark-II transducer

4.2.1 Theory of Calibration

The patellar tendon bar mark-II transducer as discussed in chapter:3 uses the strain
gauge technology, with strain gauges connected in a full wheatstone bridge
configuration. Application of force on to the transducers causes the strain gauges to
undergo strain depending upon the direction of the forces. This causes a change in
their resistance, which in turn changes the output of the whole circuit. However this
change in the potential difference is usually in the order of milli volts and requires to
be amplified. Finally the output or signal obtained is in volts, and this in turn is
converted to forces by using a calibration factor. Calibration is the process whereby

an accepted standard is compared against an unknown quantity and used to

determine its value.

The PTB mark-1I transducer has three channels and hence has three output signals,

Si (i=1,2,3). This output signal is obtained due to three different inputs which are
forces Fi (i=1,2,3). However these three forces are often applied in a combination
and hence can give different outputs in the three different channels. So the outputs
and signals are related to each other through a constant calibration coefficient which

can be mathematicaily expressed as
3
Si =X Mijj Fyj Equation 4.3
i=1

This can also be expressed in a matrix form as

[S] = [M] {F] Equation 4.4
Where

[S] =|SF{ = Output signals from channels Fx,Fy,Fz.
SFy|
SFz
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[F]=[M]" [S]

Equation4. 5

Where [M]" is the inverse calibration matrix.
This is the theory behind calibration.
4.2.2 Calibration Procedure

The three channels of the patellar tendon bar mark-II transducer were connected to
the strain gauge amplifier. The strain gauge amplifier has six input channels, which
can be amplified simultaneously. However, while calibrating the PTB mark-II
transducer only three channels would be used, the other three channels are connected
to dummy gauges. The amplifiers were then switched on and the bridge voltages and
gains were set. The bridge voltages for the Fx and Fz channels were set at 3 volts
and the Fy channel was set at 6 Volts. The gain was set at 500 for all three channels.
The channel outputs were zeroed using a digital voltmeter, which read the channel
output individually. The strain gauge amplifiers were switched on 30 minutes before
the actual calibration was commenced in order to obtain stable outputs from the

output channels of the amplifier.
4.2.3 Data Collection Hardware

A Pentium-I computer (Hewlett Packard) was utilised for data collection from the
channel outputs from the strain gauge amplifier. This computer was specially fitted
with a data collection PCI card supplied by National instruments (PCI-6023E). This
data collection card is run by software called Ni-daq, which is supplied in a CD-
ROM on purchase from the manufacturer. The Ni-daq software once installed in the
computer helps the card to be configured to receive inputs from 16 channels
simultaneously. The channels can be named and in these experiments the first three

channels where named Fx, Fy, and Fz. The channels were also configured to read
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switched on 30 minutes before the calibration tests in order to obtain a steady output
The bridge voltage for the entran transducer was set at 5V and the gain was set at

500. Although all the six transducers were connected to the strain gauge amplifier

only one transducer could be calibrated at a time.

The Entran transducer to be calibrated was firmly attached to the calibration bench
by means of adhesive tape to prevent any movement. The beam was then set up as
described. The channel output was then zeroed. The weights were then suspended
starting with the weight holder, and the output from the strain gauge amplifier was
recorded manually using a digital voltmeter. A time gap of 10 seconds was given
between the actual loading of the transducer and the recording of the output. This

time gap was found adequate to overcome any initial drift in the output immediately

after loading the transducer.

The transducer was loaded up to a maximum of 3.6 N and then unloaded back to
zero. The channel output from the strain gauges was recorded manually. Five cycles
of loading and unloading were performed. And the above procedure was carried out

on all 6 Entran transducers.

The recorded data of the channel outputs were then manually entered into an Excel97
worksheet. The Excel 97 program was then used to calculate the mean of all the 5
cycles of loading and unloading and the result was plotted as graphs. The calibration
coefficients were then calculated using the slope of the line that was obtained from

plotting the graph.

4.4 Subject Testing

One of the main objectives of this study was to carry out interface pressure
measurement studies on more than one subject. It was planned initially to have 3
subjects, but in the course of the study only two subjects were tested mainly due to
the constraints and also due to non-availability of suitable subjects for the tests. The
two male subjects who were chosen for the tests were both right-sided trans-tibial

amputees leading a very active life. Both have been using Patellar tendon bearing
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prosthesis for a considerable period of time. Subject one had taken part in studies

earlier conducted in the Bioengineering Unit (Osman 1999, Wandrum 2000)

4.4.1 Subject:1

Subject 1 was 80 years old and had undergone a trans-tibial amputation of his right
lower limb in 1944 due to gangrene following a motor bike crash. He had also
developed a hip fracture on his left side. In 1985 he had undergone a total hip
replacement and is presently awaiting a replacement of that hip and had mild pain in
the left hip during the time of testing, but this did not significantly affect his
activities of daily living.

His stump did not have any skin break down or ulcers. On examination before the
test his stump showed mild redness over the anterior tibial crest. No adherent scars
were seen and healed suture wounds were found at the bottom of the stump. On
sensory examination he had loss of touch at the end of stump, which possibly could
be due to desensitisation following constant use of prostheses. His muscle power
was normal and the range of motion of the knee joint was within normal limits. His

stump dimensions are shown in table 4.2
4.4.2 Subject:2

Subject:2 was 70 years of age and had undergone trans-tibial amputation of his right
lower limb in 1995 following thrombosis of right lower limb due to elevated levels
of cholestrol. Following the amputation he had undergone regular rehabilitation for
3 months following which he had been able to walk using a patellar tendon bearing
prosthesis. On examination he was found to have a bony stump and all bony
prominences were easily palpable. He also had mild redness over the distal end of
the fibula. The skin was intact all over the stump. On sensory evaluation he was
found to have diminished sensation at the anterior distal end of the stump. He does
not however have any associated medical complications such as diabetes mellitus

and peripheral vascular disease. His muscle power on his amputated limb was found
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The data collected from all the trials in the four different tests in both subjects were
converted into forces by using the calibration matrix in the case of the PTB mark-II
transducer and the calibration co-efficient in the case of the Entran transducers. The
sensing areas were measured in all the transducers and knowing the areas the
pressures were computed for both the Patellar tendon area and the other selected
areas around the socket. The diameter of the sensing surface of the Entran transducer
was found to 5.6mm and the diameter of the PTB mark-II transducer was found to be
25mm.

A few simple statistical methods were applied to the collected data such as mean and
standard deviation. The difference between the mean and the peak pressures were

also computed. The results were plotted using the SPSS statistical program (Delta
graph version 5.0)
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Chapter:5 Experimental Results

5.3.1 Calibration matrix of the PTB mark-II transducer

From the calibration data the calibration co-efficients for the principal channel and

the two cross talk channels were determined. This was calculated as shown in the

model calculation outlined in appendix:4.

The calibration matrix [M] of the PTB mark-II transducer was as follows

0.005599 -0.0000027 0.000069225
0.00021585
0.0058575

0.000185
-0.00021

-0.003288
-0.000063

N/V

In order to calculate the forces from the signals the inverse of matrix [M] needs to be

used. This inverse matrix was calculated using Excel 97 (MS-Office).

M]

178.53

= 10.45

6.63

-0.11
-304.36
-3.28

-2.11
11.09
170.76

V/N

This inverse matrix was later used for all calculations to convert the signals in volts

to forces.
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the validation of the sensors was performed by just one cycle of loading and

unloading due to time constraints and it is recognised that this methodology is not

adequate to give a clear picture of the accuracy errors involved.

6.3 Calibration of the PTB mark-II transducer

The results of the PTB mark-II transducer (figures 5.2 — 5.6, Tables 5.2 — 5.6)
calibration show a high linearity in all the three channels (R2=0.99). The cross talk
was also minimal during shear calibration. However it should be noted that these
results were presented from the second calibration test performed with a modified
calibration jig. The results of the initial calibration tests are presented in appendix :3
The comparison of both sets of results showed that the calibration jig attached to the
strain gauged piston through a central metal projection (figure 6.1) resulted in
significant Fy cross talk during the calibration of the shear channels Fx and Fy. The
author believes that this central metal projection had been applying a considerable
amount of strain over the Fy channel during the shear calibration and thus caused the
cross talk from the Fy channel during the shear calibration. However following the
removal of the central metal projection in the calibration jig, and after securing the
strain gauged piston by means of screws to the bottom of the calibration jig, it
resulted in reduction of cross talk from the Fy channel. This would have had a
considerable effect on the earlier studies done by Osman (1999) and Wandrum
(2000) as the same calibration jig had been originally designed by Osman (1999) and
later used by Wandrum (2000).

6.4 Calibration of the Entran Transducer

The calibration results of the entran transducers were presented in section 5.4. The
results have been presented both as numerical data and as calibration graphs ( table
5.7 and figures 5.7 to 5.12). The responses of the transducers as evident from the
graphs, showed good linearity and minimal hysteresis, with transducer 6 diplaying
the greatest amount of hysteresis (figure 5. 12). They also showed high repeatability

and sensitivity. The maximum output at a fully loaded position was almost the same
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the stump during swing phase, but the position and behaviour of this peak could be a

possible artefact occurring during data collection. However, the information

acquired from just two steps is not adequate to conclude,

The shear channels Fx and Fz did not record high shear stress during the gait cycle.
However on advancement of patellar tendon bar into the socket caused the Fx to
increase in magnitude due to weight bearing of the stump on to the patellar tendon
bar and pushing it downwards. The medial —lateral shear does not show any

significant changes throughout the gait cycle, showing minimal displacement of the
patellar tendon bar in the lateral direction

Similar results were also observed in subject:2 and are presented in figures 5.37-
5.42. However the pressures observed were much higher in the patellar tendon
region compared to subject:1. The two uneven double peaks observed during the
axial loading of the patellar tendon bar in the case of subject:1 were also observed in
subject:2 but were found to be less distinctive. This is due to the pressure constantly
building up in the patellar tendon region throughout the stance phase. The stance
phase duration is also a little longer than that of subject:1. A second area of high
pressure at the entran transducer:2 (figure5.15) of about 590 kPa was also observed
in subject:2 during 2mm displacement of the patellar tendon bar. It was observed
that all pressures dropped almost completely to zero during swing phase in subject:2
compared to subject:1, this is to be expected during swing phase as the load is
removed off the stump. This may also signify the presence of pistoning of the stump
during swing phase, and during heel strike the stump pistons into the socket causing
a sharp jump in the pressure at the entran transducer :2. The author believes that this
impact is brought about by the end of fibula impacting against the entran
transducer:2 however this was noted to decrease with the forward displacement of
the patellar tendon bar into the socket. This happens because of the patellar tendon
bar holding on to the stump during swing phase and preventing extensive pistoning
and to validate this further a negative pressure is read in swing phase from the axial
channel of the patellar tendon bar which is due to the socket suspending itself from

the stump by means of the patellar tendon bar.
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Both subjects have displayed an almost even distribution of pressures around the
socket, except for the Entran transducer site (Entran 2) which has displayed high
pressures in subject:2. The standard deviations were also quite high 255 kPa in
subject:2) in all areas of high pressure in the socket signifying a sudden loading up of

pressure from a very small magnitude to a large magnitude.

The results from this study cannot be used as a stand alone case due to a number of
reasons. The high pressures in subject:2 cannot be properly explained due to the
limited data collection due to time constraints i.e. two steps for each displacement of
the patellar tendon bar. The incorporation of force plate as a switch to indicate
various phases of the gait cycle although proves advantageous from one point of
view, proves to be highly disadvantageous, because although proper instructions
were given, the subjects still tend to anticipate the force plate and alter their gait
which could have a significant effect on the results. The results of this study may

also have been influenced by the use of hydrocast sockets.
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Chapter:7

Conclusions and Recommendations for future work

6.1 Qutcome and conclusion

The aims and objectives of this study were to primarily optimise an existing design
of patellar tendon bar transducer, and to identify areas of high pressure around the
socket and study the distribution of pressures for various displacements of the

patellar tendon bar. It was also an aim to carry out this study in more than one
subject.

The study had met its initial objectives of optimising the patellar tendon bar
transducer.  As explained in the discussion analysis section of the thesis, the
charactenstics of the PTB mark-II transducer have been proven to be excellent.

However the technique of transducer fixation to the socket could be imporved.

The Rincoe system used in detecting areas of peak pressures had limitations in terms
of its accuracy. The areas of high pressure were chosen while acknowledging these
limitations. However it cannot be said that all the areas of high pressure have been
identified, and the conclusions and results of this study must always be considered

under these conditions.

The interface pressure measurements have shown a few similar patterns of pressure
distribution, between the two subjects. It is also quite evident from this study that the
distribution of pressure around the socket is not significantly altered by the position
of the patellar tendon bar. However maximum displacement of the patellar tendon
area into the socket by modification during socket fabrication may lead only to
significantly high pressures concentrating in the patellar tendon region, which is
actually not required under any circumstances. It is also worthwhile noting that the
pressures experienced in a shorter stump is quite higher compared to a longer one. If
this is the case, socket fabrication of amputees with shorter stump must be addressed

adequately, because even a minor indentation in the socket can give rise to high

96



Chapter: 7 Conclusion & Recommendation for future work

pressure and stress concentrations. Therefore it may require more accuracy, and
2

better understanding in the distribution of pressures

These observations however need to be ratified by a further intensive study with
more subjects. However this exploratory study has opened up avenues to study the
behaviour of pressure in stump socket interface in various scenarios such as longer

and shorter stumps, amputees who have used prostheses for longer time and shorter
time etc.

7.2 Suggestion for future studies

This study has opened up a channel for further work to be mainly undertaken in

further identifying the behaviour of pressures around the socket. Future studies

might need to concentrate on the following lines

» Better fixation techniques of the PTB mark-II transducer onto the socket

» Test more than two subjects and possibly have two groups of subjects i.e. one
group of subjects with normal or longer stumps and one group with short stumps,

and compare the results between the two groups

‘4

Use a more accurate system to identify areas of high pressure and use statistical

methods to choose areas of high pressure to avoid any significant errors

‘/

Use sensitive load cells like entran transducers, but with a higher operating range
to monitor pressures around the socket. The present study has measured
pressures of more than 600 kPa and repeated loading may lead to permanent
plastic deformation of the transducer may occur although a possible overload up
to approximately 700 kPa is possible

» Electronic goniometers or similar instruments can be used to detect the phases of

gait cycle rather than force plates to get more accurate results

» Shear measurements around the socket would give a much better picture of load

distribution around the socket and possibly a transducer could be designed to

meet these criteria.
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Appendix :1
Auto-Cad Drawing of

PTB Mark-1I Transducer & Calibration Jig
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Appendix :2

Lab-View Programs
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Appendix:5 Patient Evaluation Form

APPENDIX : §

Patient Evaluation Form

Name: Date:
Age/DOB:

Sex:

Address:

Date of amputation:
Type of amputation: Side:
Type of Test socket:

Brief History:

Examination:

Inspection:

Sensory Evaluation:

Palpation:
Tenderness:
Adherent scars:

Odema:

ROM:

Muscle pow;r: L R L
. Knee F
Hip ll; E
Ab Ankle DF
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Appendix:5 Patient Evaluation Form

Ad
Irot
Erot

PF

LLD:

Stump dimensions:

Length:

Proximal circumference (tibial Plateau):

Distal Circumference :

Other findings/Comments:
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Appendix:6 Consent Form

APPENDIX:6
SOUTHERN GENERAL HOSPITAL NHS TRUST

CONSENT FORM

PATENT NAME

ooooooooooooooooooo

To be completed by the patient

Please Tick
Yes No
Have you read the Patient information? O O
Have you heard an opportunity to ask questions and discuss this study? 0 O
Have you received satisfactory answers to all your questions? g O
Have you received enough information about the study? 0 O
Who have you spoken to? Dr/Mr/Ms
Do you understand that you are free to withdraw from the study —
e Atanytime
e Without having given a reason
e And without affecting your future medical care? O 0O
e Do you agree to take part in this study? O O
Do you have any reason to believe you are or may be pregnant?
YES, I may be pregnant [l
NO, I am not pregnant M
SIGNEA. .. oot ie e e e e e e e s Date................
Name in Block Letters. .. ... cconvrvrior e e eee
Date...............

Signature 0f WItNesS. .. ... ... .oovvencenieramrinsiecneis e e

Name in Block 1etters. .. ... cooooruereriiin e e o



