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ABSTRACT

The concept of loading “pressure tolerant” areas and relieving load from
“pressure sensitive” areas of a below knee stump as applied by a Patellar Tendon Bearing
(PTB) socket, was based on logical biomechanical principles. (Radcliffe and Foort, 1961)
Inconsistencies during rectification of the PTB cast remain a source of error during
production of a socket. Kristinsson (1992) described the use of the Icelandic Roll on
Silicone Socket (ICEROSS) (or silicone liner). During this casting process, placing a
container over the stump allows the air around the stump to be pressurized and thus the
cast is formed. Kristinsson (1993) claimed that in most cases, the concept of load transfer
to areas such as the patellar tendon, medial flare and condyles of the tibia is ineffective
and uncomfortable. His belief is that the most effective socket is one that relies on
“hydrostatic principles” for transfer of load. The current study presents a method of
producing a socket called ‘Hydrocasting”, which was originally introduced by Murdoch
(1965) as the ‘Dundee socket’. The concept behind the ‘Hydrocast socket’, whereby
water is used as a medium to apply uniform pressure around the stump whilst the applied
plaster bandage sets, results in a mould of the stump suitable for socket production with
minimal or no subsequent cast rectification. The major difference between the
conventional PTB socket and the hydrocast socket is that the hydrostatic cast is

minimally rectified or not rectified at all.

The aim of this study was to investigate the interface pressure distribution
between the residual limb and the prosthetic socket of ten trans-tibial amputees and the
principal objectives were (a) to design and develop transducers which would enable
simultaneous dynamic measurement of pressure and shear stresses. (b) to determine the
variation in pattern of pressure distribution associated with various positions of the
patellar tendon bar indent in a trans-tibial socket and (c) to measure stump/socket

interface pressure and shear stresses for the PTB and hydrocast socket designs.

Two new custom made transducers, in addition to two previously described

transducers, for the measurement of stump/socket interface stresses were designed and
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developed. The transducers, constructed using electrical resistance strain gauge
technology, are capable of measuring normal and shear stress simultaneously when
mounted on a prosthetic socket. One design of transducer allows the measurement of
normal and shear stress to be undertaken, and the other design, in addition, allows the
sensing surface at the patellar tendon to be translated by, up to, 10 mm from the neutral
position for the purpose of examining the effect of patellaf tendon bar indentation on the

pressure distribution at the interface.

Subjective feedback from all participants indicated that when tendon bar was in
the relief position this was preferred. The position of the patellar tendon bar had no
significant effect on the pressure distribution around the socket indicating that it is an
unnecessary feature, which, is proposed, may be eliminated during manufacture of a

trans-tibial socket.

The hydrocast socket compared to PTB socket shows a more even distribution
of pressure in the socket and the values for pressures and shear stresses are lower.
Subjective feedback from all participants also favoured the hydrocast socket. It is
believed that lower, more evenly distributed pressure enhances the comfort of the

prosthesis user.
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HAPTER 1: INTRODUCTION

1.1 Overview and hypothesis

The amputation of a lower limb may be brought about by severe traumatic
injury, infection, vascular disease, tumour and severe deformity. (Murdoch, 1970;
Marquardt and Correll, 1984). In a statistical study of 6000 amputees in the United
States of America, (Kay and Newman, 1975) showed that 92% of all amputations
involve the lower limb and that trans-tibial amputations accounted for 54% and trans-
femoral amputations 33% of all amputations. In the United Kingdom (UK), out of
5298 new referrals of lower limb amputees to limb centres, 52% were at the trans-
tibial level. (NASDAB, Edinburgh 2003). The next most common level of amputation
was trans-femoral accounting for 39%. The overall total showed a 6% increase in
amputee referrals from the previous year thus indicating an increasing trend in the

number of amputations performed. This trend is reflected globally.

The causes of amputation may have a different prevalence in other parts of the
world. In India, for example, 82% of amputations are due to trauma (Narang and Jape,
1982). In the UK, amputee referrals to the limb centres has risen from 3500 per
annum in 1961 to 5298 in 2002 (Ham et al, 1989; NASDAB, Edinburgh 2003). This

trend is also seen in other countries, such as, the USA, from 33000 amputations in



1965 (Ham and Cotton, 1991) to 118,000 in 1983 (Rutkow and Marlboro, 1986); and
Sweden from 170 per million population in 1962 to 410 per million in 1977
(Renstrom, 1981). Even though these statistics are somewhat out of date, they clearly

show that there are numerous amputees and their number is growing.

Rehabilitation treatment for the trans-tibial amputee may include an external
prosthesis to restore walking function and normal appearance to the individual.
Engineering principles have been adapted and applied to the design of substitute limbs
resulting in the appearance of a wide variety of joint mechanisms and prosthetic feet.
New methods of manufacture have rapidly advanced the design and performance of
lower-limb prostheses. However the design of the interface between the residual limb
and the prosthetic socket is a crucial factor in determining the amputee’s mobility and
independence. It is highly dependent on the quality of fit and comfort of the
prosthesis. The aim of the prosthetist is to provide a comfortable prosthesis, which
will minimize residual limb tissue damage and provide adequate stability. A thorough
understanding of the stress distribution between the residual limb and prosthetic
socket is critical to the design process, as the shape of the resulting socket directly
effects the transmission of forces between the stump and the prosthesis. Currently it is
estimated that 25 % of prosthetic sockets manufactured in the UK are either rejected
as ill fitting or are severely modified in order to achieve an acceptable ‘fit’. (Spence,

2005).

With the exception of prostheses fitted using the osseointegration techniques
of Branemark et al (2001) most lower limb prostheses must transmit ground reaction

forces through the soft tissues of the residual stump to the underlying skeleton. Prior



to amputation these soft tissues would have been unaccustomed to bearing such loads,
they are therefore vulnerable to damage occurring from the use of the prosthesis. It is
the task of the prosthetist to ensure that a prosthesis is designed, for the amputee, in
such a way as to transmit the loads associated with locomotion and yet minimise, if

not obviate, the risk of damage to the tissues.

A survey showed that 23% of amputees complained that their limbs were
uncomfortable (McColl, 1986). The main cause of these problems was a poor
prosthetic socket fit. The interface pressure distribution is important, excessive
loading on the tissues can lead to pain and discomfort or, more seriously, insufficient
circulation causing tissue damage. Residual limb tissue damage can have a dramatic
effect on an amputee's lifestyle. If severe blisters or pressure sores occur, an amputee
may be unable to wear the prosthesis until the tissue has healed. Since loads are
transferred from the prosthesis to the residual limb through the socket, the socket
design is critical in keeping tissue damage minimal. Continued use of a prosthesis
following tissue breakdown and tissue trauma can lead to further disability and
intolerance to the prosthesis (Levit, 1981). For the very severe cases amputation to a

higher anatomical level may be required.

Studies have been conducted to investigate the role of both normal pressure
and shearing force as factors in pressure sore formation. Most of the studies
concerned pressure sore formation on the buttocks of paraplegics and quadriplegics
and these results may be applied to the loading of the tissues of the residual limb of an
amputee. Lindan et al (1985) and Mooney et al (1971) conducted research on the

pressure distribution during sitting, related to wheelchair cushion design, utilising a



variety of transducers (a capacitance transducer; a bed of compression springs and a
pneumatic cell pressure transducer). However all of these studies were limited to

consider normal pressure measurement only.

The understanding of the complex interplay of normal and shear stresses
between the stump and the socket is seen as fundamental to developing a
biomechanical model and therefore a way in which improvements in socket design
can be progressed. Meaningful interface pressure measurements require a proper
measurement technique, the use of accurate and reliable transducers, and appropriate
placement of the transducer at the stump/socket interface and the correct data
acquisition and analysing capabilities. An ideal system would be able to continually
monitor both normal and shear stresses without significant interference to the original

interface condition.

A socket is custom-designed, unlike the shank and foot which are, normally,
commercial components. Despite their importance in causing tissue breakdown,
residual limb/prosthetic socket interface stresses have been measured by relatively
few investigators. Previous studies of the stump/socket interface have mainly focused
on pressure. It is believed that further useful information applicable to prosthetic
design could be obtained from an investigation of relationships between pressure and
shear stresses. Analysis techniques such as Finite Element may be used to predict both
normal and shear stresses, however the techniques must be verified/validated by

experimental measurement.



Prosthetists, when fitting a socket rely on a visual assessment of the
stump/socket relationship; this is clearly a limitation on objectivity since it is a non
quantitative procedure and relies on the experience of the prosthetist. According to
Sanders (2000) it is not clear which pressure / shear combinations will provide a
comfortable prosthetic socket and which will cause tissue breakdown. This lack of
knowledge is a severe limitation on fitting techniques and may, in part, be responsible
for the reported, (Livingstone et al, 1994); 38 % incidence of infection or skin
breakdown on the stump. This study aims to address the lack of objectivity and
provide information on both normal and shear stress occurring at the stump/socket

interface.



1.2 Objectives

The interface pressure distribution between the stump tissues of a trans-tibial
amputee and the socket is believed to determine the comfort of the prosthesis,
therefore, should be considered in the design of the socket. Socket design should be
based on a full understanding of the stump/socket interface biomechanics. The study
described in this thesis aimed to develop and understand the interface biomechanics as
a basis for socket design. The main aim was to investigate the interface pressure
distribution between the residual limb and the prosthetic socket of the trans-tibial

amputee and the principal objectives of the research area are as follows:

a. To design and develop transducers which would enable simultaneous dynamic
measurement of pressure and shear stresses.

b. To determine the variation in pattern of pressure distribution associated with
various positions of the patellar tendon bar indent in trans-tibial socket.

c. To measure stump/socket interface pressures and shear stresses for the Patellar
Tendon Bearing (PTB) and hydrocast socket designs for 10 trans-tibial

amputees.



1.3 Outline of thesis

The outline of the remainder of this thesis is as follows: Chapter 2 gives a
basic introduction to trans-tibial prosthetics, the conventional PTB and contemporary
Hydrocast prostheses. In Chapter 3 the literature on various approaches and
equipment that have been used to examine socket interface stresses in trans-tibial
amputees is reviewed. Chapter 4, details the design, manufacture and development of
the custom-made transducers which enable simultaneous dynamic measurement of
pressure and shear stresses at the stump/socket interface to take place. Chapter 4 also
contains details of the commercial pressure measurement system, F-Socket™ system
from Tekscan, Inc. South Boston, MA, USA that was used in this research, including
the customized calibration technique. Chapter 5 describes the calibration and
performance of the custom designed transducer. Chapter 6 describes the methodology
used to address the specific aims of the research including socket manufacturing and
experimental procedure. Chapter 7 presents the experimental results obtained from
this study. Chapter 8 presents the discussion of the work undertaken here and suggests

further research. Finally, the conclusion are summarised in Chapter 9.




HAPTER 2: TRANS-TIBIAL PROSTHETICS

2.1 Introduction

In the walking gait of normal person, body support forces are transmitted
directly to the skeleton through soft tissues of feet accustomed to doing so while for
the subject who has undergone amputation; those support forces are to be transmitted
through soft tissues unaccustomed to this role. Whatever level of amputation either
above knee or below knee, it will affect prosthetic fittings, later rehabilitation
requirements and also quality of life of the patient. In effect the stump plays similar

role to the foot of a healthy limb.

2.2 Trans-tibial Amputation Surgery

This section describes, briefly, the basic procedures of trans-tibial amputation
surgery. Individuals who have undergone amputation of the leg/foot at a level through
the tibia/fibula are referred to as trans-tibial amputees. Causes of such amputation are
described in Chapter 1. Beside the need to stabilise the trauma or disease condition,
the surgery aims at fashioning a residual limb, with a healthy skin envelope, to which

a prosthesis can be fitted and thus restore functional mobility or ambulation.

One of the main aims in trans-tibial amputation is the preservation of the knee

joint. The advantages of preservation of the knee joint are highlighted by



Castronuova (1980). The presence of the knee joint could enable an amputee with
average stump length to produce a gait similar to that of a normal subject. The trans-
tibial amputation takes place below the knee approximately 140 mm from the tibial
plateau; but more often, as a guide, the lower leg is divided into three equal parts and
two thirds are removed. Too short or too long a stump creates difficulties in a fitting
prosthesis and a knee flexion contracture greater than 15 degrees is unsuitable for a

prosthetic device (Ham and Cotton, 1991).

/

When a below knee amputation is %ﬁ%me%here afé currently two major
choices of surgical technique practiced. The Long Postetior Flap, (Burgess, 1968) and
the Equal Flap methods (Robb et al, 1965; Tg;mansen, 1977 and Robinson, 1988).
These are general techniques which have their variations. The Long Posterior Flap
method is most often used as the posterior tissues are generally better vascularised by
collateral arteries than the anterior tissues. Where there is insufficient viable posterior
tissue, through trauma or ulceration, the Equal Flap method is used. Robinson (1988)
and McCollum et al (1985) suggest that the skewed sagittal flaps version of the Equal
Flap method may usefully divide the limb into an anteromedial flap supplied by the
saphenous artery and a posterolateral flap supplied by the sural artery. The Long
Posterior Flap has since been refined by Burgess (1969) (Figure 2.1) and Equal Flap

by Robinson (1988) (Figure 2.2).



2.2.1 The Long Posterior Flap technique

For the Long Posterior Flap method the anterior skin incision is made to the
level of the deep fascia, 8-12 cm distal of the tibial tuberosity. The level of the
transection is somewhat dependant on the viability of the tissues and the blood supply.
An optimal length of 12-18 cm with a minimum of 8 cm is suggested (Burgess, 1985
and Vitali et al, 1996). Quesada and Skinner (1992) suggest that any extra length of
the limb retained at surgery theoretically reduces the average normal stress
experienced by the limb in a socket. Too long a stump may cause prosthetic problems
as the muscle flap used to pad the distal end of the tibia, becomes tendonous over its

distal third, thus providing poor soft tissue coverage and a boney stump.
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2.2.2 The Equal Flap technique

With the Equal Flap method, the skin incision is begun 10 — 14 ¢m distal from
the tibial plateau, 2 cm lateral of the tibial crest, and 2 cm distal from the proposed
tibia transaction. The fibula is sectioned 2 - 4cm proximal of the proposed tibial
transection. It is considered advantageous to retain the fibula to create a triangular
shaped residual limb, which is more resistant to rotation in the prosthetic socket. The
periosteum around the tibia is divided and elevated on the anterior aspect. Care must
be taken to avoid disturbance of the precarious anterior blood supply. Tibial division
is followed by the cutting of a bevel on the anterior surface of the distal end, which is
rounded by file. For the Long Posterior Flap method, the distal part of the limb is
removed by dissection of muscle from the posterior surfaces of the tibia and fibula.
The deep flexor muscles are sectioned 3 cm below the level of the tibial section, and
the underlying peroneal and tibial vessels ligated and sectioned. Angel (1979) and
Burgess (1985) recommend bevelling the remaining gastroenemius-soleus muscle flap
from just distal to the deep flexor muscles to the level of the fascia at the distal end of
the flap. However, others (Waddell, 1981; Little, 1985; and McCollum, 1989)
advocate the complete removal of the soleus muscle, as it derives its blood supply

from the anterior arteries which may be weak.
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2.3 Prosthetic design

As this study concerns interface pressure distribution as related to prosthetic
socket design, some background information regarding methods of trans-tibial
prosthetic design and manufacture appear warranted. In general, a trans-tibial
prosthesis consists of a socket with an optional liner, adapter hardware to attach the
socket to modular endoskeletal components, and appropriate artificial foot. In

addition, the prosthesis may include some sort of auxiliary suspension sleeve.

2.4 Design of the socket

The early socket for a lower limb amputee was a simple inverted cone shape
which accommodated the conical stump. Details of stump anatomy and biomechanics
were not considered. Radcliffe and Foort (1961) of the University of California,
following the studies on possible load-bearing principles, developed the Patellar
Tendon bearing (PTB) socket in the 1950s. This design provided a more efficient
distribution of pressures around the stump than any other socket in that day. The load
is chiefly taken by the load-tolerant areas: patellar tendon, medial tibial flare, and the
posterior aspect of the stump. The patellar tendon forms a major weight-bearing area.
Relief is given to the sensitive areas, such as the crest of the tibia, tibial tubercle,
fibula head and cut ends of the fibula and tibia. A leather cuff encircles the distal

thigh in the supracondylar area.
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Kristinsson (1992), described the use of the Icelandic Roll on Silicone Socket
(ICEROSS) (or silicone liner) in their socket. During the casting process, the subject’s
limb is held in full extension with the subject seated. Build-ups of silicone padding
are added over the bony areas of the stump, such as the anterior-distal aspect of the
tibia and the fibular head. The silicone liner is rolled onto the stump and a plaster
wrap cast is applied without applying localised pressure. Placing a pressure container
over the stump allows air to be pressurised and thus the cast is formed to the stump.
Kristinsson (1993) claimed that in most cases, the concept.of load transfer to areas
such as the patellar tendon, medial flare and condyles of the tibia is ineffective and
uncomfortable. His belief is that the most effective socket is one that relies on

“hydrostatic principles” for transfer of load.

2.4.1 Patellar Tendon Bearing socket

The PTB socket became the most commonly prescribed prosthesis for trans-
tibial amputees in the developed world. The concept of loading the “pressure tolerant™
areas and relieving load from the “pressure sensitive” areas was based on logical
biomechanical principles. Whilst this has been successfully worn by many amputees
over the decades; a high degree of skill is necessary to take a wrap cast and rectify the
positive mould in order to produce a satisfactory socket. A PTB socket in cross
section is shaped like a triangle and its medial and lateral walls are higher than the
anterior and posterior. The posterior wall has a flare to accommodate knee flexion and

to make the socket more comfortable in the sitting position. Radcliffe and Foort
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(1961) and Barclay (1970), reported the fabrication of a PTB socket which can be

summarised as follows:

(a) A thin wet cast sock is pulled over the stump. The fit must be snug to

prevent shifting of the cast sock, which would distort the marker

locations.

(b) To emphasize the bony prominence, help define the patellar tendon
and locate the insertions of the hamstring tendons, the stump is held

in 20° flexion during marking and wrapping.

(¢c) The mediolateral and anteroposterior dimensions are measured (at
the level of the apex of the femoral condyles, and from the patellar
tendon to the popliteal fossa, respectively) with a calliper. The
distance from the distal end of the stump to the patellar tendon is also

measured.

(d) The following markings are made: (a) outiine of the patella, (3)
patellar tendon, (¢) tibial tubercle, (d) apex of the head of the fibula,
(e) anterior crest of the tibia, (f) distal end of the fibula, (g) distal end
of the tibia, (%) medial flare and (i) medial border of the tibia. (See

Figure 2.3).
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(e) A plaster of Paris wrap is applied with light finger pressure.
(See Figure 2.4). Light finger pressure is applied over the patellar tendon and

popliteal area. (See Figure 2.5).

® After the wrap has dried, the cast is removed.

(2) Using the cast as a mould, a positive model of the stump is produced.
Rectification is performed, plaster is removed in the appropriate areas
to produce a “pre-compressed” state in the tissues of the patellar

tendon and popliteal area.

(h) Plaster is removed over the medial and lateral flares of the tibia.

Relief are required to prevent impingement on the hamstring tendons during
knee flexion. The patellar tendon area is modified by cutting a groove
between the inferior edge of the patellar and the superior edge of the
tibial tubercle at right angles to the line of progression. This groove
should have a minimum depth of 12mm. and a maximum height of
about 25mm and more normally about 18mm. (See Figure
2.6 and Figure 2.7). The groove is then curved to outline the patellar.
Rectification is performed by adding or removing some plaster in appropriate
areas. This modified cast is a plaster positive of the socket. Finally the ‘hard’

plastic shell of the socket itself is formed over the plaster model.

@) Once the socket has been successfully formed, the remaining

components of the prosthesis are selected, and the final prosthesis assembled.
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Figure 2.3 Markings location. Figure 2.4 Plaster of
Paris applied.

(Reproduced from Radcliffe and Foort, 1961).

Figure 2.5: Light pressure applied.
(Reproduced from Radcliffe and Foort, 1961).
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Figure 2.8: Area and the depth of rectification of PTB cast.
(Reproduced from Barclay, 1970).

22



2.4.2 The Hydrocast socket

This study presents a method of producing a socket which does not require the
expertise of a skilled prosthetist and probably involves minimal capital expenditure.
This technique, called ‘Hydrocasting’, was originally introduced by Murdoch (1968)

| as the ‘Dundee socket’. The idea is to eliminate inconsistencies using the hand casting
| technique i.e. minimizing an element of human error. This system ensures total
contact over the entire stump area, whilst still maintaining the ability for cast
rectification to provide areas of high and low pressure tolerance such as at the patellar
tendon bar. The concept behind the ‘Hydrocast socket’, whereby water is used as a
medium to apply uniform pressure around the stump whilst the applied plaster
bandage sets, results in a mould of the stump suitable for socket production with
minimal or no subsequent cast rectification. However, in this study the hydrocasts
socket are produced without patellar tendon bars. Murdoch (1968) describes the

manufacturing process of a Hydrocast socket in the following steps:

a) The patient places the stump into a tank, sharing their weight evenly between the

amputated limb and the natural limb. (See Figure 2.9).

b) Water is added to the tank until the patient is balanced and the amputated side is

immersed in the tank approximately three inches above knee level.
¢) Patient was then removes the stump and a nylon stockinette is placed over the

stump. Layers of thin stump sock, impregnated with plaster, are then pulled over the

stump.
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d) The patient’s knee is set in the tank at approximately 10° flexion, until the plaster
has hardened.

d) Once hardened, the negative cast is removed from the stump to generate a positive

cast and the socket is fabricated using standard techniques.
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Figure 2.9: Hydrostatic casting method. (Reproduced from Murdoch, 1968)
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| The major difference between the conventional PTB socket and the hydrocast socket

is that the hydrostatic cast is minimally, or not at all rectified. This study aimed to

compare both socket designs.

2.5 Prosthesis alignment

The alignment of a prosthesis refers to the position of the socket and limb
relative to the foot. The adaptor hardware used to attach the socket to the endoskeletal
components, and to the foot, typically allows a range of alignments. Alignment of the
prosthesis consists of both static and dynamic stages. A typical static alignment of the
socket places the knee in approximately 5° of flexion to prevent hyperextension and
increase pressures on the anterior surface of the limb, and 5° of shank abduction to
concentrate pressures in the medial tibial condylar region. (Barclay, 1970; Pearson et
al, 1973; Zahedi et al, 1986). In addition, the top plane of the prosthetic foot is set in
the horizontal plane, the pylon is vertical, and the alignment in the parasagittal plane
sh(;ﬁld be such that a plumb line at the projection of the centre of the greater
trochanter intersects the mediolateral axis of the knee, and lines up with the anterior
surface of the pylon (i.e. no tendency for the knee to buckle during stance). Dynamic
alignment is based on an analysis of the amputee’s gait both anteriorly, posteriorly
and laterally. Zahedi et al (1986) found that an amputee can adapt to several
alignments ranging from as much as 148 mm in shifts and 17° in tilt. This tolerance of
alignment variability was believed to be related to the degree of control that an
amputee has over the prosthesis (i.e. the retention of the knee joint in a below-knee

amputee allows the body to compensate more readily to malalignments). However in
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the real clinical environment, prostheses are routinely aligned by prosthetists without

any quantitative force measurement, merely “by eye”

2.6 Suspension devices

With most trans-tibial prostheses, some type of suspension system is needed to
hold the prosthesis on the stump during the swing phase of gait by resisting gravity
and inertia forces. This system should not restrict the normal motion of the knee, and
should allow comfortable function of the knee muscles. The suspension system may
also be used as a control against hyperextension of the knee during heel strike

Hughes, (1970).

Cuff suspension is most commonly utilized for the PTB prosthesis. This cuff
fits tightly around the femoral condyles with its distal edge slightly above the
proximal border of the patelia. The tabs are fitted such that tension is maintained over
60° knee flexion, but relaxes enough to allow the knee to flex to 90° when sitting.
Barclay (1970) and Pritham (1979) revieW the suspension devices as well as

presenting alternative socket designs which utilize different suspension systems.
2.6.1 Supra Condylar Supra Patellar PTB socket
In the supra-patellar supra condylar socket the proximal brimline is extended

to completely enclose the patella anteriorly and the femoral condyles both medially

and laterally. The anterior brimline is brought in direct contact with the patellar
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tendon and eliminates the need for any suspension above this level. (Wilson, 1970). In
addition the higher brimline is believed to provide mediolateral stability, prevent knee

hyperextension and reduce pistoning action between the stump and the socket.

2.6.2 Supra Condylar wedge suspension socket

The supra condylar (SC) wedge suspension socket is very similar to the supra-
patella supra condylar socket, except that the patella is not enclosed. As such the
mediolateral stability is equally effective. Suspension is aided by a removable wedge
which covers the medial aspects of the knee from just posterior to the patella
including the posterior medial face of the femoral condyle. In the case of a stump with
extremely prominent bones, especially the head of the fibula, a lateral wedge may also

be inserted.

2.6.3 Suction socket.

There are three variations of suction sockets (Staats and Lundt, 1987)

(a)Total surface bearing (TSB) socket is a “tension socket” in which the socket is
made volumetrically smaller than the residual limb. The aim of the TSB socket is to
distribute weight-bearing over the entire surface of the stump, including those areas
which, in the past, have been considered pressure sensitive. The accuracy of fit, is
achieved through the use of transparent check sockets.

(b) The silicone suction socket is an "atmospheric suspension". A prefabricated
suction sleeve is rolled onto the residual limb prior to casting. Check sockets are used

to test the pinning of the sleeve into the distal end of the socket. When the prosthesis
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is unloaded, the suction sleeve collapses around the residual limb, and this distal
coupling of the socket and the sleeve provides suspension for the prosthesis.

(c) PTB suction (active compression) socket in which the socket interface is made of
an elastic or elastomeric material that is stretched or rolled over the residual limb,
thereby gripping the skin through compression as well as through friction created
between the skin and socket. This minimization of the movement between the socket
and the soft tissues is believed to prevent skin breakdown usually caused by the
sliding of the prosthesis of the skin (Roberts, 1986; Grevsten and Eriksson, 1974;

Staats and Lundt, 1987).

Kristinsson in 1985 demonstrated using a silicone liner which is rolled onto the
residual limb and he claimed that it provides a good overall contact. The silicon layer
is thick at the distal end of the socket. After being turned inside out and rolled over
the stump, the silicone sleeve pulls the stump in a distal direction, stabilising soft
tissue and minimising pistoning. The ICEROSS system is primarily used for
suspension, Kristinsson (1993) believes that it has also considerably improved the
weight-bearing capability of the prosthesis and the interface between prosthesis and
user. He firmly believes that a trans-tibial socket, designed to transfer loads primarily
to limited areas of the limb such as the patellar tendon and the medial flare and
condyles of the tibia, for instance, is in most cases both ineffective and
uncomfortable. The most effective socket is one that relies on the hydrostatic

principle for load transfer.
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HAPTER 3: LITERATURE REVIEW

3.1 Introduction

In this chapter, the literature related to stump/socket pressure distribution at the
prosthetic socket/stump interface is reviewed. Various types of force and pressure
transducers have been used to measure interface pressures for a variety of interface
systems i.e. buttock/cushion, foot/shoe and stump/socket. As the application may
vary, transducers appropriate for pressure measurements in one system may not be
suitable for another. Interface stresses can be described in terms of normal stresses
(pressure) and shear stresses. Transducers used to measure interface stresses can
either be inserted between the stump and the socket liner, or they can be mounted
within the socket wall. The placement has a dramatic effect on the sensor's
measurement capabilities. Also, the accuracy of measurement depends on the type of
transducer used and the method of calibration (Silver-Thorn et al, 1996). In addition,
most sensors utilised in this field are only capable of pressure measurement, although
newer developments in transducers allow for simultaneous measurements of both

pressure and shear stresses (Silver-Thorn et al, 1996).
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Appoldt (1967) investigated two types of resistive gauge for stump/socket
interface pressure measurement, the Micro systems (semi conductor gauge) and the
New York University design. In the New York University design (Appoldt, 1967) one
end of a piston with a diameter 6.35 mm was the sensing surface (Figure 3.4). The
other end was attached to the centre of a small steel deflection beam oriented
perpendicular to the piston axis. Both ends of the beam were rigidly attached to the
transducer frame. Strains measured with four strain-gauges mounted in opposite pairs
on the beam were proportional to the normal load on the sensing surface. For
dynamic interface normal stress measurement on trans-femoral amputees, Appoldt
(1967, 1968, 1969) placed mounts in the socket wall. Transducers were positioned in
the mounts so that their sensing surfaces were flush with the inside socket surface and
rested directly on the stump. No interface liner was worn by the amphtee. Maximum
measured pressures during constant velocity walking on trans-femoral amputees were
approximately 6.9 kPa at mid-stump locations and 172 kPa near the brim. Step-to-step
variations in peak interface stresses were minimal except after several hours of testing
when the subject became fatigued. Brim location magnitudes, however, showed high
sensitivity to alignment changes. For standing test results, Appoldt (1967) stated that

“The brim load is roughly 40 percent of the maximum load developed in walking”.

\
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Appoldt and Bennett (1967) used both the piston force gauge and diaphragm
transducers mounted in the socket wall to measure stump/socket interface pressure for
trans-femoral amputee. (See Figure 3.4). Appoldt et al (1969) used the same
transducers in their pressure transducer protrusion study (1.6 mm protrusion), and
concluded Elat overestimation of pressure frequently exceeded 1.5 times at areas near
bony prominences. Calibration of both sensors was by gas pressure behind a rubber
diaphragm, which was checked by dead weight loads. Hysteresis error was given as

3% of the indicated load or + 0.5psi (= 3.4 kPa). No shear or temperature sensitivity

was assessed.

For interface measurement on trans-femoral amputees, several researchers
inserted Kulite (New Jersey) pressure transducers (models LP-125 and LQ-125)
between the stump and the socket. The transducers were held in place with medical
tape either directly over the sensing surface (Pearson et al, 1973; Pearson et al 1974),
or over the ribbon cable near the sensor (Rae et al, 1971; Sonck et al, 1970; Winarski

et al, 1987). The cables exited at the socket brim.

Pearson et al (1973) in their study of trans-tibial amputees used diaphragm
transducers to measure stump/socket interface pressures for several postural stancé
positions (prosthetic limb suspended, weight on both limbs, and weight borne by the
présthetic leg only). The Kulite semiconductor transducer, 0.76 mm. thick, was placed
between the socket and the stump i.e. directly to the patellar tendon, medial and
lateral, tibial condyles, and the distal anterior tibia. No mention was made of any

calibration procedures.
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Pearson et al (1974) then developed an analytical model for predicting stresses
in Patellar Tendon Bearing (PTB) suction sockets. The model was verified by
performing actual pressure measurements. The positive pressures were measured with
the same transducers (Kulite, New Jersey, USA model LQS-125-500), while negative
pressures - in the distal socket cavity - were measured with another commercial
pressure transducer (TKM-1 Borfors AG, Germany) mounted externally. Again, there

was no mention of any calibration procedures.

Ferguson-Pell (1976), using an Instron testing machine, evaluated a Gaeltec
(Skye, UK) transducer of similar design to the Kulite sensor (model LQ125) except
the Gaeltec transducer was encapsulated in silicone rubber. Repeatability tests showed
the coefficient of variation for the sensor reading and Instron measurement to be up to
80% for stresses below 4.3 kPa. Between 4.3 kPa and 26.1 kPa, the coefficient of
variation was approximately 10%. He also thought the variation at low loads was
probably due to changes in the surface load distribution since hydrostatic calibration

showed very repeatable performance.

Rae and Cockrell (1971) used both square and linear arrays of five diaphragm
transducers to determine stump/socket interface pressure levels and distributions of a
trans-tibial amputee. These pressure transducer matrices were placed between the
stump and socket, as was the ribbon cable connecting the transducers to the
amplifiers. (See Figure 3.5). Two areas, namely the kick point i.e. anterior distal end
and the patellar tendon area were of interest. PTB sockets were used in the study, and
the maximum peak pressures for the two areas respeptively were 104 kPa and

276 kPa.
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3.4 Interface Assessment Techniques: Finite Element approach

Another approach for calculating interface stresses uses finite element (FE)
analysis techniques. Finite element analysis is a method of analyzing structures of a
complex nature. By dividing the structure into small elements of regular polygonal
shapes, the behaviour of the structure can be approximated by summing the response
of each element. All of the elements combined compose the finite element mesh. Each
finite element is defined by a number of nodes, which in turn define the overall
geometry of the structure. In addition, each element is assigned material properties,
and boundary conditions are applied at appropriate nodes. Loading parameters must
also be defined. Generally, an exact solution cannot be obtained for complex
structures, but the FE method provides an approximate solution (Silver-Thorn et al,

1996).

One of the most significant benefits of FE modelling is that interface stress
distributions can be predicted before the prosthesis is actually fabricated. Computer
models are time consuming in the development stage, but may save time over the long
term. Once a socket has been designed using computer-aided methods, fabrication can
be completed within an hour unlike hand-crafted methods, which take days for
fabrication (Zachariah and Sanders, 1996). Fabrication time may vary depending on
the manufacturing establishment for example in the Bioengineering Unit, University
of Strathclyde a PTB socket may only take some hours not days. Modification of the
socket shape is also made easier by the use of computer models since prosthetists can
view a graphical display of the socket. Prosthetists can use the predicted stress
distribution to rectify the socket shape, thereby relieving areas of low load tolerance

and loading areas of high tolerance (Zachariah and Sanders, 1996).
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For more than a decade, finite element models have been the primary means
for modelling the residual limb and prosthetic socket interface. However, there are
several limitations to this approach. Due to the complexity of residual limb tissues, it
can be very difficult to select appropriate material properties for the model. It has
been shown that soft tissues behave in a non-linear viscoelastic manner (Pathak et al,
1998). However, FE models are often simplified by modelling tissues as linear elastic
materials, which greatly reduces the accuracy of the model. Sophisticated models
would have to incorporate non-linear viscoelastic materials with properties (e.g.,
stiffness) that vary regionally due to callusing and scarring, as well as tissue thickness
and stiffening effects in regions that are in close proximity to bony structures. Another
challenge with FE modelling is determining appropriate boundary conditions, which
can be very complex and may vary with time. It has been shown that interface stresses
and slip are sensitive to the coefficient of friction parameters (Zhang et al, 1995).
However, frictional slip is seldom incorporated into FE models of the stump/socket
interface. Finally, comparison of FE results with experimental data is the only method

of testing the validity of these models.

The use of sensors positioned within the socket wall may also be limited
(Sanders et al, 1995). Problems due to material incompatibility between the interface,
skin and transducer are greatly reduced when sensors are mounted within the socket
wall. A potential source of error arises when a socket liner is used, which is generally
the case for below-knee amputees. With use of a socket liner, a transducer mounted
within the socket wall measures stress between the liner and the socket, which differs
from the stress between the skin and liner at that position. Therefore, a relation

between these two stress measurements must be determined if a liner is to be used.

46












Authors
\Year

Schrock et al Sonck et al Rae and Cockrell Meier et al
Items 1968 1970 1971 1973
No. of Subjects 2 23 1 10
Types of Socket a. Rigid plaster dressing PTB PTB with liner PTB

(RPD)
b. PTB

Transducers used

Pressure transducer

Pressure transducer

Diaphragm transducer

Dye-impregnated socks

(Sensotec) (Kulite) array (Kulite) Pressure transducer
Analysis of ? Pressure Pressure Pressure Pressure

RPD : Proximal, middle, | Patellar Tendon, Patellar Tendon Anterodistal
Measurement point distal end, lateral and Anterodistal, Medial tibial | Anterodistal Medial tibial condyle

medial
PTB ; Proximal, middle
and distal

condyle, Lateral tibial
condyle

Lateral tibial condyle

Maximum stresses

PTB

:  End bearing
(110kPa)

Anterodistal (827 kPa)

Anteriordistal (104 kPa)
Patellar Tendon (276 kPa)

N/A

Table 3.2: Summary of the peak stresses measured at any site on the limb.
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Table 3.2: Summary of the peak stresses measured at any site on the limb

Continued from page 50

liner

Authors
Year | Pearson et al Chino et al Isherwood Steege and Childress
Items 1973 1975 1978 1988
No. of Subjects 10 9 - 2
Types of Socket PTB Total contact with gel PTB with liner PTB

Transducers used

Diaphragm transducer
(Kulite)

Diaphragm transducer
(Kulite)

Hydraulic transducer

Diaphragm transducer (Kulite)

Patellar Tendon

Analysis of ? Pressure Negative pressure Pressure Pressure
Patellar Tendon Anteromedial tibial Distal end
Measurement point | Anterodistal Distal end Popliteal Popliteal
Medial tibial condyle Medial Poaterior Fibular shaft Medial tibial condyle
Lateral tibial condyle Distal Patellar tendon bar

Medial Flare prox. tibia

Anterolateral tibial Fibular shaft
Patellar tendon
Maximum stresses Patellar tendon -7 to -31 kPa (303.9 kPa) Popliteal area (81 kPa)

51




Hydrocast-(1/3
prox. lateral)
(164 kPa)

Authors
\Year Silver-Thorn et al Sanders et al Buis Ming-Zhi Goh et al
Items 1992 1992 1997 1999 2003
No. of Subjects 5 3 | 1 4
PTB PTB
Types of Socket PTB with liner PTB with liner Hydrocast Hydrocast PTB
Custom diaphragm Pressure
Transducers used Diaphragm transducer transducer FSR (Tekscan) FSR(Tekscan) | transducer
(Kulite) (Micro-measurement) (Entran)
Analysis of ? Pressure Pressure and shear stress | Pressure Pressure Pressure
Distal end
Measurement point | Distal anterior tibia anterior Anterior Anterior Anterior
Distal medial tibia posterior Posterior Posterior Posterior
Medial tibial flare lateral Lateral Lateral Lateral
Medial tibial condyle Medial Medial Medial
Lateral tibial flare
Popliteal
Patellar tendon
Fibular head
Posteroproximal Patellar Tendon (PT) PTB- Patellar Popliteal
Maximum stresses Distal medial tibia (205kPa) PT bar (244 kPa) tendon bar (110.5kPa)
(202.6 kPa) Shear (54 kPa) Hydrocast (126 kPa) (335kPa)

Table 3.2: Summary of the peak stresses measured at any site on the limb
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3.6 Summary

In recent years, much advancement has been made toward a better understanding of
the stress distribution at the stump/socket interface for trans-tibial amputees. There is
currently no appropriate technology available to measure shear stresses over a large region
of the residual limb during gait. Three direction stress measurements are limited to specific
transducer sites only. Experimental techniques have more practical clinical applications
than computer models, and they are the only way for determining the actual stump/socket
interface stresses. To obtain accurate socket pressure measurements using sensors, a

careful calibration procedure must be adopted.
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4.3 Transducers design.

Strain gauges combined with cartilever beams have been frequently used to
measure interface shear stresses. (Appoldt et al, 1970). Metal electrical resistance strain
gauges exhibit a variation in resistance primarily due to changes of dimension. An increase
in length or decrease in cross-sectional area will increase the resistance. Most electrical
resistance strain gauges are made from alloys of nickel and copper. Semiconductor strain
gauges operate on the piezoresistive principle, however they are significantly temperature
dependent and due to their size they were deemed to be too long to be used in this project.
An advantage of metal strain gauges of a linearly response to load and very low cost. The

distinct were the prime reasons for choosing these gauges for this work.

4.3.1 The Patellar Tendon transducer (PT transducer).

The patellar tendon transducer (Figure 4.2) is a strain gauged piston in a housing
device that can be mounted on the patellar tendon bar of a trans-tibial socket. The
transducer complete with the patellar tendon bar can be displaced + 10 mm in a normal
direction and has been designed to make simultaneous measurements of the normal force
and the two components (viz. longitudinal and tangential) of shear force acting on the
patellar tendon bar. The cut out of the patellar tendon bar was bonded to the patellar
tendon holder face as shown in Figure 4.3 using Akemi-Putty (Ottobock Healthcare,
GmbH, DUDERSTADT, Germany). Thus it was possible to incorporate the device into
other PTB prostheses by simply changing the patellar tendon bar holder. The radial
clearance between the patellar sensing surface outer diameter and the socket was 1.5 mm
when the PT bar transducer was not under load or compression ensuring no contact

between the transducer/patellar sensing surface and the remainder of the socket.
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each responsible for one single component of the load acting upon the device: i.e. there is a
bridge for tangential shear stress Fx, for normal stress Fy and longitudinal shear stress Fz.
The normal load was obtained using 2 rosettes in each arm of the full bridge equi-spaced
around the periphery, therefore monitoring the direct compressive stress produced by the
normal load, Fy. The shear loads, Fx and Fz were measured by rosette gauges aligned at
45° to the main axis of the gauge. (See Figure 4.7). A 3 volts power supply was used for
the excitation of the bridges for Fx and Fz however 6 volts were necessary for bridge Fy
which has double resistor. All gauges were covered with a thin layer of silicone coating for
mechanical protection, waterproofing and to reduce noise. The distance between gauge

centres was 12.5mm for the PT transducer and 10mm for the B.E.S.T. (See Figure 4.8).
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Figure 4.7: Strain gauge orientation for B.E.S.T. and PT transducers. (a) Bridge for normal
force measurement in the y-direction. (b) Bridge for shear force measurement in the z and
x-directions. (¢) Development of the transducer surface showing strain gauge positions.
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4.3.3 Pressure load cell device

The Pressure load cell is a piston in a housing device incorporating an ‘Entran’
ELFM-BI1-5L load cell (Entran International, New Jersey, USA). It has a sensitive
diaphragm onto which miniature electrical resistance strain gauges in a full
Wheatstone bridge configuration were bonded. The piston (sensing surface) used was
the same as that of the B.E.S.T. transducer i.e. 5.6 mm in diameter that kept contact
continuously with the diaphragm which transfers normal pressure from the stump to
the load cell. It measures the normal interface pressure between the stump and the
socket at any location of interest. The complete assembly of the Entran-based device
was similar to that described in Lee et al (1997). (See figure 4.9). In an attempt to
minimise disturbance of the interface the material chosen for the sensing surface was
acetal as this was light, easy to machine and had a low coefficient of friction (0.22 —
0.31) similar to that of the socket material, Acrylic (0.12 — 0.45). Thus there would be
minimal difference between the forces acting on the socket wall and on the transducer
sensing surface.

The specification of the Entran transducer is given in table 4.1. The transducer
had a load range of 0 — 8.89 N, which equates to a maximum pressure of 361 kPa
based on the piston diameter of 5.60 mm. The calibration procedure and results can be

viewed in Appendix B6.
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4.4 Socket pressure measurement techniques — F-Socket™

4.4.1 Introduction

In addition to the measurement of pressure using the Entran based transducers
and B.E.S.T. transducers, it was decided to measure the interface pressure using

F-Socket™ socket sensors model 9811 from the Tekscan Inc. (USA).

The flexibility and the thin nature of the sensors minimized any major changes
in socket fit during testing. In addition, the F-Socket™ sensors have a high resolution
and data can be collected at a wide range of frequencies. Investigators that have
previously used the Tekscan F-Socket™ sensors (Figure 4.11) used only two sensors
at a time (Convery and Buis, 1998, 1999). The two sensors were placed over half of
the residual limb for one trial, then were repositioned to cover the other half of the
limb for a second trial. The data from the two different walking trials were combined
to provide the pressure distribution over the entire limb. In this study, four sensors
were affixed to the inner walls of each socket, however data were only recorded from
two positions, (Anterior and posterior and medial and lateral) at a time due to the
limitations of the system. However this ensured no or minimal damage occurred to the

sensors as they were not re positioned, and thus ‘first’ quality results were obtained.
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Sensor equilibration and calibration were carried out in the following manner.
A sensor was placed within the F-Scan chamber box (Figure 4.12) and a 50 kPa load
was applied for 10 seconds at 1Hz. This period of cyclic loading was immediately
followed by 10 seconds of static loading, a 20 seconds period of cyclic loading and a
20 seconds period of static loading. At the end of this pre-loading period, recording of
the F-Socket™ Sensor output data was obtained of the 50 kPa static load for 120
seconds. The pre-loading was repeated and then a recording was made for 120
seconds whilst a 50 kPa load was applied cyclically at 1 Hz. This entire procedure
was repeated for loading levels of 100 kPa and 200 kPa. This allowed the output of
the sensor to be observed over time, including the moment the sensor was loaded. The
reason for this sequence of cyclic and static loading before executing the equilibration
or calibration command was to compensate for some of the air in the bladder which
will be withdrawn during cyclic loading when air is in the pressure transfer medium.
In this situation, not all of the sensors can receive the same loading condition. A total
of three trials were recorded. The average sensor output over the 96 cells was

analyzed at 1, 5, 10, 20, 30, 60 and 120 seconds after the load was applied.
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(2) Pressure gauge

(3) Power supply

(4) Junction box

(5) Dynamic controlling input generator

(6) Proportional pressure regulator

(7) Compressed air filter

(8) Socket attached securely to the pressure rig

(9) Pressure rig calibration frame.

(10) Custom fabricated sealing template with latex balloon bladder

(11) F-Scan chamber box

4.4.3 Results of sensor drift.

The initial test for sensor drift revealed a dramatic increase in the signal over
the first 20 seconds, after the 50, 100 or 200 kPa load was applied (Figure 4.13 and
Table 4.2). The results for dynamic load are also presented in figure 4.14 and table
4.3. The pressures remained relatively consistent during the 60 to 120 seconds period,
with a range of average values as shown in table 4.2 and table 4.3 over the minute
long interval. Sixty seconds after the load was placed on the sensor, the sensor output
was expected to match the applied load. This is because the calibration was captured

after 60 seconds static and cyclic loading.
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Due to the curvature of the interface affecting the response of the F-Socket™
sensor, all F-Socket™ sensors were stick to the hard socket by 3M Spray Mount
adhesive. Each equilibration and calibration procedure was conducted on 2 Sensors
simultaneously. The first pair were located at the anterior and posterior aspects of the
socket and the second pair were located at the medial and posterior aspects. All of the

F-Socket™ sensors were located below the level of the patellar tendon.

Before equilibration and calibration, the air outlet of the system was connected
to a Bourdon pressure gauge to confirm the pressure was correct. The Bourdon
pressure gauge was compared to the current complete system pressure gauge (figure

4.12 (a 2)) to confirm accuracy. The comparison results are shown as in table 4.4.

Static measured pressure Dynamic peak measured pressure
(kPa) (kPa),n=35 (kPa),n=5
Applied Bourdon Current system Bourdon Current system
pressure | pressure gauge | pressure gauge | pressure gauge | pressure gauge
50 50 50 50 50
100 100 100 100 100
150 150 150 150 150

Table 4.4: Comparison of static pressure and dynamic pressure using current system

pressure gauge and Bourdon pressure gauge.

Buis and Convery (1997) designed a pressure rig to apply a cyclic load to the
sensors. They applied a cyclic pressure of 100 kPa at 0.5 Hz for a total of 30 cycles. A

static load of 100 kPa was then applied for another 5 seconds, at which time the
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calibration was recorded. According to their comparison with Entran strain gauges,
the researchers reported results within 2% of the applied load. However, it appears
that they evaluated the sensor output at different loading rates. Their calibration
procedure involved cyclic loading at 0.5 Hz, while in the current study, the rate of
socket loading was 1 Hz. The range of 0.5 to 1 Hz is representative of a typical trans-
tibial amputee population. In addition, Buis and Convery (1997) applied a static load
to the sensor for 5 seconds prior to calibration. An iterative method that could be used
to compensate for underestimated pressures was proposed. This suggests that Buis
and Convery (1997) may have encountered pressure measurements that were lower
than the pressures applied, although this wasn't discussed explicitly. The potential for
sensor drift during their calibration procedure could be one explanation for their

underestimated pressures.

A test was performed to compare the accuracy of the F-Socket™ sensors
results pre and post subject experimentation using the custom calibration set-up
(Figure 4.12). Four sensors on each aspect, posterior, anterior, medial and lateral
were calibrated using the latex balloon bladder as a pseudo stump and the procedure
outlined for dynamic calibration (figure 4.16) i.e. 10 seconds cyclic loading, 10
seconds static loading, 20 seconds cyclic loading and 20 seconds static loading, then
the equilibration or calibration command was executed. Once the calibration data
were obtained, dynamic trials were recorded. A recording was then triggered after
which a cyclic peak load/dynamic load of 80 kPa at 1 Hz over 96 cells of the sensor (a
16 by 6 cell area) was applied for approximately 60 seconds. Average pressures
recorded over the entire sensor were compared to the known applied loads. This entire
procedure was repeated at the conclusion of subject testing to determine if any
changes in the sensor’s characteristic had occurred.
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The sample sensor output results te
sted pre and post subj i F 4.17
ubject testing, (Fi
» (Figure 4.17 to

Figure 4.20) produce a maximum of 5 % error (table 4.5)
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HAPTER 5: TRANSDUCER PERFORMANCE

5.1 Introduction

The Bioengineering Shear transducer and Patellar Tendon transducer used throughout
this study monitors all three orthogonal components of the applied load. The linear
mathematical approach was used due to accuracy required for the particular

application. (Bray et al, 1990).
Detailed discussion on these approaches follow in the sections 5.2 to 5.6.
5.2 Calibration Linear Approach

The approach described simply assumes that each signal can be expressed as a linear

combination of the components of the applied load.

From the data, a 3 x 3 column matrix was generated, using the following methods;
the output signal, S; (i=1,2,3), i.e. the output voltage that was measured, is a direct
function of the input signal, F; (7=1,2,3), i.e. an applied load. In this study each signal

can be expressed mathematically as a combination of the components of the applied

load :
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Si = Z MijF; equation ( 5. 1)
where M; j are relating the output to the input signals. When i = j the coefficient
corresponds to a main effect and in all other cases the coefficients correspond to the
two cross-talk and ideally should be zero.

In matrix form this can be expressed as:

[S] = [M][F] equation ( 5. 2)
where
[S] = _SF; ; A column matrix (3 x 1) of output signal voltages
SFy
_SFZ_ equation (5.3)
[M] = ~Mn M2 M; ;  Square matrix (3 x 3) containing calibration
M1 Mx Mas factors M; j determined from calibration data
| M3; M3, M3 | equation (5.4)

The output signals are recorded in volts (V), after the amplification performed by the

strain gauge amplifiers, and the applied loads are measured in Newtons (N), therefore

M, have units of [Kjl
N
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These can be arranged as;

[F] = [M]'[S] equation( 5.8)

where [ M " is the inverse of the calibration matrix M]

which is a more convenient equation during subject testing, where the output signals

are recorded and the loads are to be determined.
Say [ M ] =[ N ], then this matrix

[N] =[N N2 N3]
N2 N2 Noas

N3 N3 2N equation (5.9)

The elements of equation 5.9 have the units of matrix [ M ] inverted. The units of

[M ] were [%} , then the units of element [ N ] are [g}

Previous investigators who calibrated pylon transducers (Berme et al, 1976; Jones,
1976; Grant-Thompson, 1977; Lawes, 1982; Pashalides, 1989; and Magnissalis,

1992) have all followed the linear approach i.e. the above outlined method for the

calibration of the devices.
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5.3 Theoretical analysis of the transducers

The Bioengineering Shear Transducer and Patellar Tendon transducer are
instrumented with three full bridges of strain gauges, whereby each bridge is
responsible for measuring one of the three components of a load acting upon the

transducer.

5.3.1 The mechanical properties of the material used and cross-sectional geometries of

the transducers

e Mechanical properties

Made of : Aluminium Alloy, 6082 T4 (BS1474:1987)
Modulus of elasticity, E =68.9 GPa
Poissons ratio, v=0.26
E
Shear Modulus, G = =27.3 GPa
2(0+v

e Various geometries of a cross-section of the transducers

B.E.S.T. transducer , Outer radius, Ro =5.5mm and Inner radius, Ri = 4.5mm.
(See figure 4.8).

PT transducer, Ro = 6.0mm and Ri = 5.5mm.
Area, A =m (Ro’—Ri®); BES.T. =3.1416x 10 ° m’
PT transducer = 1.806 x 10 ° m?

Second moment of inertia, I = & (Ro* —Ri*) /4; B.ES.T. =3.966x 10"°m*
PT transducer =2.992 x 107'° m*
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The shear stress, T is given by the following equations, which are derived in appendix

A (originally derivation by Magnissalis, 1992):

_ F.(Ro® - Ri®) .
T max = ———_——31(Ro TRy ) e equation (5.10)

Strain € is related to the shear stress 1 by the following equation :

T
Strain, € = (E) ........................... equation (5.11)

output signal, V,, written as :

Vo= V. K. e, equation.(5.12)

where nominal gauge factor, K =2

Normal force , Fy : Strain, ¢ is related to the applied load Fy by equation (5.13):

o
Strain, e=| — | = —Fl) ........................... equation (5.13)
E AE

and output signal, V, written as

Vo=V.(1+v). (%) B equation (5.14)

5.3.2 Quantitative results of the analysis

Equations (5.10) to (5.14) will be used here to quantify the effect of the loads and to

determine the sensitivity of the bridges to the applied loads.
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e.g.
B.E.S.T. transducer ; stress, ¢ =100 kPa @ 3.142 N
PT transducer ; stress, ¢ =100 kPa @ 1.806 N

_[FR’-R®)| . 10872 kp
max 3.1(Ro - Ri) > ! max (B.E.S.T.) . a
T max (PT transd.) =199.69 kPa
Strain, & = (—T—J ; € max (B.ES.T.) =3.64x10°
2G
€ max (PT transd.) = 3.66x 10°

therefore; sensitivity of output signal, V,

Vo= Vs.K.g VomEeEsT) —2.184x 10°V or 6.951x 10 (%]

Vo @Ttransd) =2.194x 10° V or 1.215x 10° (%)

Using an amplifier gain of 5000: therefore the sensitivity of output signal V, .

V
Vo theoretical BEsT) = 0.0347 (—ﬁJ

14
Vo theoretical (PT transd.) — 0.0607 (WJ
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5.3.2.2 Applied normal force, Fy

Figure 5.2 show the loading configuration for which normal force, Fy is applied to

the transducer.

Fy

2 7

Figure 5.2: Application of normal force
e.g.

B.E.S.T. transducer; stress, ¢ =100 kPa @ 3.142N

PT transducer; stress, o =100 kPa @ 1.806 N
. o Fy . %
Strain, & =| — [=| ——| ; Strain, & =1451x10
( E ] (AE) max (B.E.S.T.)
Strain, € max (PT transducer) = 1.451x 10°

Vo= Vs(1+V)(—12£Je ; Voesty =1.097x10°V or 3.491x10° (%j

Vo @®T transay = 1.097 x 10° V or 6.074 x 107 (%}

Using an amplifier gain of 5000: therefore the sensitivity of output signal V, .

V
Vo theoretical (BEST) =0.0175 [ﬁ)

V
Vo theoretical (PT transd.) — 0.0304 (FJ
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As a theoretical analysis in section 5.3, sensitivity values for three channels have been

calculated and these values could be compared with the actual calibration using the

dead weight method.

5.4 Calibration of Bioengineering Shear Transducer and Patellar Tendon transducer.

The performance of the assembled transducers was assessed by dead weight
calibration methods. Calibration is the process whereby an accepted standard is
compared against an unknown quantity and used to determine the value of the
unknown quantity. Calibration devices were developed for both normal and shear

directions.

5.4.1 Set-up for normal force calibration.

To calibrate the normal direction (Fy) the PT and the B.E.S.T. transducers
were fixed to a specially designed calibration jig incorporating an axial loader.
(Figure 5.3). This device enabled the normal force channel to be loaded accurately.
Loads were applied by means of weights on the top disc resulting in compression of
the transducer. Ball bearings were situated at both ends of the transducer to achieve
point loading and loading was only applied in the compressive direction up to 400 kPa

in 10 equal steps. This was repeated 10 times. Unloading to zero load was achieved
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by removing the known loads in the reverse sequence. The signal outputs from all

three channels were recorded simultaneously.

eights

\Qxlul

loader
calioration
Jg

A
Q\ Wzt
1D —— -
NIAON ___BNONIN

N kearing

Ay

Figure 5.3: Calibration arrangement : Normal direction set-up.

5.4.2 Set-up for shear force calibration.

For the shear force calibration (Fx and Fz), a specially designed shear force
adaptor was used. The transducer was positioned in a bench jig that held it rigidly in a
horizontal position. The transducer was statically loaded using weights hung from a
string around the shear calibration jig cap. (Figure 5.4). Thus forces would be applied
directly over the row of shear strain gauges in the transducers, therefore eliminating
any bending moment that the strain gauge piston would have experienced. Known
loads were then applied in 5 steps up to 4.9N (200 kPa) for B.E.S.T and up to 98 N
(200 kPa) for PT transducer and then unloaded to zero load whilst the signal outputs
from all three channels were recorded simultaneously. This calibration procedure was

repeated 10 times. On completion of the calibration procedure for the positive Fz

92






5.5 Actual calibration — results.

All loads were purely applied in one direction and output signals recorded
from the strain gauge amplifiers during each test corresponded to one main effect and
two cross-talks, caused by the particular load applied. These signals were recorded in
volts (V), against the load in Newton (N) and were averaged using the values obtained
during the ascent and descent loading cycles. Sample data of the results of the
calibration tests from one Bioengineering Shear transducer of calibration tests are
presented in this section together with the calibration graphs, whilst others are

presented in appendix B1.

The results of the calibration test for B.E.S.T.2 are presented in tables 5.1, 5.2, 5.3 and
figures 5.5, 5.6, 5.7 and consist of mean values of the coefficients and the coefficient

of r-square values from the fitted lines. The results of these data are shown in table

54.
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28.646082  0.647785 -0.342295
-0.947754 55.869613 -1.112920
-0.318372  -0.649625 28.752359

Table 5.6 : The calibration Matrix [M]" or [N] derived for B.E.S.T.2

As expected, there are differences between the coefficients of the main
diagonal and the cross-talks. The coefficients of the main diagonal can now be
compared with the theoretical values derived in section 5.3. The sensitivities derived
in that section for the three channels, when multiplied by the gain settings can be
compared to the experimentally derived main effects as in table 5.5.

Experimental sensitivity calibration results for B.E.S.T.2 (table 5.5) were very close
to those predicted theoretically (section 5.3). Summaries of the theoretical values
compared with the experimental derived value for the B.E.S.T. and PT transducer are

shown in table 5.7 and 5.8 respectively.

Sensitivity | Exp. Exp. Exp. Exp. Exp. Theoretical
channel B.E.S.T.1 | BES.T.2 | BES.T.3 | BEES.T4 |B.ES.T.5 [ BE.S.T.
Fx 0.0348 0.0349 0.0348 0.0346 0.0348 0.0347

Fy 0.0173 0.0175 0.0174 0.0173 0.0174 0.0175

Fz 0.0349 0.0348 0.0347 0.0346 0.0348 0.0347

Table 5.7: B.E.S.T. sensitivity comparison, between experimental and theoretical

values
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Sensitivity | Exp. Theoretical
channel PT transd. | PT transd.

Fx 0.0608 0.0607
Fy 0.0306 0.0304
Fz 0.0609 0.0607

Table 5.8: PT transducer sensitivity comparison, between experimental and theoretical

values

Five BEST transducers and one PT transducer were evaluated for hysteresis
error. Hysteresis error - The maximum difference between output readings for the
same measured point, one point obtained while increasing from zero and the other
while decreasing from full scale output (FSO). The deviation is expressed as a percent
of full scale. In this study hysteresis was investigated during calibration by increasing
and decreasing the stresses applied to the transducers. Average hysteresis error from
the five BEST transducers was found to be 2.03 % FSO, for 200 kPa shear stress
directions and 1.65 % FSO, for 400 kPa normal pressure direction while the hysteresis
error from the PT transducer was found to be 1.53 % FSO, 200kPa for the shear
directions and 1.85 % FSO, 400kPa for the normal direction. The hysteresis error

obtained from this study falls within the range reported by Appoldt et al (1967),
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Williams et al (1992) and Sanders et al (1993). A summary of transducer hysteresis

performance from this and previous studies is shown in table 5.9.

Hysteresis
Nor
Investigators

Normal direction

Shear direction

Appoldt et al, 3% FSO Not

(1967) reported

Williams et al, 2 % FSO 8% FSO

(1992)

Sanders et. al, 3% FSO 0.3 % FSO

(1993)

Current | PT 1.85 % FSO 1.53 % FSO

study | Transd.

BEST1 | BEST2 | BEST3 | BEST4 | BESTS | BEST!1 | BEST2 | BEST3 | BEST4 | BESTS
B.ES.T 1.71% | 1.65% | 1.63% | 1.62% | 1.63% | 2.05% | 2.03% | 2.10% | 2.01% | 1.98%
B FSO FSO FSO FSO FSO FSO FSO FSO FSO FSO

B.E.S.T
(average) 1.65 % FSO 2.03 % FSO

Table 5.9: Comparison of reported hysteresis error from four studies.
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CHAPTER 6: METHODS

6.1 Subjects

Ten trans-tibial amputees participated in this study on a voluntary basis, and
gave written informed consent. All were male and had undergone amputation at least
5 years prior to this study. Safety and Ethical approval was granted from the relevant

committees of the University of Strathclyde and the Southern General Hospital NHS

Trust UK. (See appendix C).

The subjects ranged in age from 34 to 77 years, with a mean of 57 and a standard
deviation of 12 years (Table 6.1). Subject mass and height ranged from 67 to 133 kg
(88 + 21 kg) and 1.68 to 1.91 m (1.78 + 0.07 m), respectively. Body Mass Index
ranged from 21.88 to 38.86 kg / m? (27.75+5.74 kg / m?). Body Mass Index diagram
(Figure 6.1), which is a number calculated from an individual’s weight and height,
which is used to determine whether a person is within, or outside of, a normal weight
range is also presented. Anterior views of the stumps of the subjects who participated

in the testing programme can be viewed in appendix D.
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Subject | Age Height Mass **Body Mass | Reason for Amputation | Current Stump | Mobility
no. Index (BMI) | amputation side prosthesis | length | grade*
(mm)
(m) (kg) (kg /m®)
1 71 1.78 95 29.98 Trauma Right PTB 177 4a
2 73 1.91 80 21.93 PVD Right PTB 125 4c
3 58 1.69 72 2521 Trauma Left PTB 145 6
4 53 1.74 95 31.38 PVD Left PTB 123 4a
5 56 1.78 76 23.99 PVD Left PTB 150 6
6 61 1.78 108 34.09 PVD Left PTB 120 5
7 49 1.85 133 38.86 Trauma Right PTB 145 4a
8 34 1.75 67 21.88 Trauma Right PTB 130 4c
9 47 1.8 89 27.47 Others Left PTB 148 4b
10 61 1.68 64 22.68 PVD Right PTB 130 5
aver. +
SD 56.90+ 1247 | 1.78+0.07 | 87.90+21.09 | 27.75+£5.74
PVD/Trauma [ | efy/Right PTB 4106
Mean | 56.90 1.78 87.90 27.75 139.30
Min. 34 1.68 64 21.93 120
Max. 77 1.91 133 38.86 177

* Mobility Grades in Prosthetic Rehabilitation. (Devised by Stanmore & Harold Wood Disabili.ty Service Centres)
** Kindly see Figure 6.1 to determine whether the subject is within, or outside of, a normal weight range.

Table 6.1: Summary and characteristics of ten male test subjects.
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The shape of the PTB and Hydrocast sockets present different socket contours
(Figure 6.7) and therefore different socket axes. The socket dimensions (volume and
shape) are not identical. These differences occur because the soft tissues are rectified
by applying localized pressure on pre-defined pressure areas during production of the
PTB socket whilst no or minimal rectification is involved during the hydrocast casting
procedure. These dissimilarities in casting procedures will result in a variety of
differences such as volume, shape and dimension. The PTB method develops a shape
which is triangular whereas a circular shape is developed for the hydrostatic method.
The socket axis also changes accordingly. It was therefore difficult to establish an
identical reference grid for sensor positioning in both sockets. In order to overcome
the difficulty of establishing a central axes for an irregular shape such as a prosthetic
socket, Szulc (1988) designed a centre-line positioner named the Szulc Socket Axis
Locator (SSAL). (See Figure 6.8). This axis positioning tool consists of two separate
sub-units placed on a central axis. Each unit has two pairs of independently operating

legs allowing both pairs independent movement.

When the SSAL is placed inside a socket, the pairs of legs extend until they
contact the walls of the socket. When all four legs of a sub-unit are in contact with the
walls of the socket the centre of the central axis coincides with the centre of the socket
in the plane defined by the point of the four legs. When both sub-units are so located
then the central axis defines the axis of the socket. Therefore this device was utilised

to determine the individual socket axis of each socket tested.
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Standard procedure of casting : PTB/
Hydrocast

’ Negative mouldj

L Positive mould 1

/\l:N Check socket ]

Not good L

Subject testinﬂ

2 ok

Filled plaster slurry into check socket with
pole aligned with SSAL

I

Positive cast with aligned pole and
marked for the transducer sites

Standard laminating techniques with
metal insert

e

| Experimental socket 1

‘ Subject testing l

Figure 6.11: General production procedure for the experimental socket.
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Alignment was performed by one prosthetist until the subject’s gait was agreed to
be optimal by both subject and prosthetist. All data collection events for each experimental

socket were performed on the same day with the amputee wearing the socket at all times.

6.3 Experimental procedure

In this study a two part experimental procedure was utilised. The first part involved
the measurement of normal and shear stresses at discrete sites mapped out in the sockets
using the Entran based transducers, PT transducer and B.E.S.T. transducers. The second
part, attempted to measure the interface pressure using the Tekscan Inc., F-Scan (F-
Socket™ sensors) model 9811. During the experiment the Entran, PT and B.E.S.T

transducers were removed and replaced by blanking plugs.

6.3.1 Experiment 1

This experiment was designed to obtain (1) peak average stresses recorded
throughout the walking gait, and (2) average stresses recorded during standing i.e. static.
The number of transducer sites available without adjacent transducers impinging on each
other was dependent on the physical size of the socket (stump), however over the ten
subjects tested an average of 16 transducer sites were available for pressure measurement.
The specific number of transducers used for each subject in shown in table 6.3. Owing to a
limitation of the number of recording channels available with the data acquisition system a
restriction of up to 11 ‘Entran’ sites, 5 B.E.S.T. sites, 1 Electrohydraulic transducer site
and 1 patellar tendon site was imposed for simultaneous recording, therefore sites that
were not monitored were sealed with blank transducer plugs to ensure that the pressure
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difference across the socket wall was maintained. By collecting data from all sites using
the Entran transducer and then replacing then with B.E.S.T. and vice versa ensured that

data were obtained from all sites by both types of transducer.

Subject no. aver.
112314567 8|9]10]|(SD)

No. of transducer sites | PTB |31 [ 19 | 15| 14| 15 |18 | 14 |13 |12 | 15| 16.6
socket (5.5)
Hydrocast | 30 | 19 [ 14 {15 |15|19(14 |14 |12 |14 | 16.4
socket (55)

Table 6.3: Number of transducer sites available for pressure measurement using

Electrohydraulic, Entran, B.E.S.T. and PT transducer for each subject.

The sampling rate used was 50 Hz and data were recorded for approximately 15
seconds for each walking trial at the subject’s self-selected walking speed. Data were
collected simultaneously using a two 16 channel strain gauge amplifiers, model DAQN-
Bridge (Dewetron, Austria) with PCMCIA Lab View DaqCard 700 (National Instruments,
Austin, TX) for data acquisition and a Dell Inspiron PIII for data storage with Lab View

version 6.1 as analyzing software.

For the locomotion test, the subject was asked to walk a distance of 7 metres on a
level walk-way. At least 3 trials were recorded for each test. Data were obtained with the
patellar tendon bar of the prosthesis in the neutral position (the original position as
cast/rectified by the prosthetist), compressed by (+) 2 and 4mm and relieved by (-) 2mm.
In addition to the measurement obtained from the patellar tendon bar, the other test sites
containing transducers were sampled simultaneously i.e. Electrohydraulic, Entran, and

B.E.S.T. transducer. In order to correlate the measured pressure and stresses with the
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phases of the gait cycle, heel strike and toe off events were recorded. Two footswitches
(Interlink Electronic Inc., CA, USA) were fitted separately at the heel and toe of the shoe
subject in the gait cycle indicating heel strike, toe contact, heel off and toe off. Signals
from the switches were passed on to the amplifier. Any change of the contact state of heel
or toe will alter the output signal. The foot switches leads were secured in place by tape.
The average (gait cycle) heel strike to heel strike on 8 subjects using foot switches were
1.201 + 0.03 second. Sanders et al, (1998) on socket experiment, had shown step duration
(heel strike to ensuing heel strike) of 1.26 + 0.04 second by using an instrumented
prosthetic shank. A pilot study was performed on one of the subjects one month in advance

of the full testing programme to examine the effect of time on the repeatability of results.

6.3.2 Experiment 2

The small error centre line offset of = 0.75 mm after placement of SSAL in a
uniform cylinder was shown by Szulc (1988). (See section 6.2). Therefore, in this study,
this error can be ignored in the establishment of a sensor reference. This is because of the
relatively large active area of the F-Socket™ 96 cells sensor. The SSAL was placed inside
the socket and one of the leg pointers from the proximal sub-unit was then positioned on
the mark of the mid-patella tendon because of its clarity as a locatable landmark. (This
position also acts as a datum in the experimental socket.) The legs were allowed to spring
into place, thus the SSAL takes up its own position within the socket. Once this position
had been attained, the socket was marked at each leg tip. The marks were then used to
produce four axial reference lines at the anterior, posterior, medial and lateral aspects. The
vertical reference lines were used as centre lines for the sensors and the horizontal
reference line, situated just below the patellar tendon site, was used to position the
proximal side of the transducers. F-Socket™ sensors were fixed with non aggressive spray

116


















C HAPTER 7: RESULTS

7.1 Overview

The ten subjects who participated in this study were all successfully fitted with
both PTB and Hydrocast sockets. In this chapter, the results obtained from the
experimental portion of the study are presented. Quantitative assessment of the pressure
distribution at the stump/socket interface can be made. This should lead to a better
understanding of the differences in interface pressure distribution with respect to the two

types of socket design i.e. the PTB and Hydrocast socket.

The experimental results were divided into two main sections dealing with (a) the
pressure and shear stress distribution and (b) the effect of load variation on the patellar

tendon bar.

The first section is further subdivided to deal with the various transducers utilised:
- using strain gauge transducers. (PT bar transducer, BEST and Entran
transducer).
- using commercial F-Socket™ sensor model 9811.
Whilst the second, deals with
- The correlation of the load on the patellar tendon bar with the pattern of
pressure distribution at the stump/socket interface.
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7.2 Abbreviations

Abbreviations for transducer locations and for measurement directions are used in
the text and in figure legends, their explanation follows: (see figure 7.1). Each transducer
location is attributed an alphanumeric code to indicate its position in the socket. The letters
identify the aspect (anterior, posterior, medial and lateral) and the number identifies the
row from proximal -1 through O (the datum; (centre of patellar tendon bar)) to + 3, the
distal row. The distal end being represented by D.E. The distance between each row being

50 mm. (See section 6.2, figures 6.9 and 6.10 for the location sites illustration).

Transducers sites

proximal
4
T Datum (0)

distal

PT = Patellar Tendon bar

A = Anterior

Examples of abbreviation used follow:

. AMO = Anterior-Medial on the same row as the datum
P = Posterior

line.
M = Medial AM1 = Anterior-Medial, 50 mm distal from the datum
line.
L = Lateral PM2 = Posterior-Medial, 100 mm distal from the
D.E = Distal stump end datum line.

Figure 7.1: Example positioning of transducer locations on trans-tibial socket.
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7.4 Interface Stresses measurement

Interface pressure and shear stresses were recorded at all measurement sites except
the distal end where only normal pressure was recorded for every subject. Table 7.1 (PTB
sockets) and 7.2 (Hydrocast sockets) illustrates the measurement sites utilised for all

subjects who participated in the experimental trials.
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7.5 Pressure distribution at the stump socket interface — Standing trials

The purpose of conducting standing trials was to gain insight into standing interface stress
patterns and compare them with dynamic interface stress patterns. There were two tests in a
standing trial and they were conducted in the order listed in Table 7.3.

Test 1 Test name Description

1 Single support (SS) weight borne primarily on the prosthetic leg

2 Double support (DS) | weight borne equally on the prosthetic and sound legs

Table 7.3: Standing trials list of tests.

In the standing trial test, the sampled pressures were averaged during the period of
data capture and then further grouped accordingly to the measurement sites and averaged
for different trials. At the initial phase of data capture, the data collected were considered
unstable; therefore only when the transducer output remained stable were the data collected
and analysed. The results obtained from all 10 subjects from all sites measured in the PTB
sockets and hydrocast sockets showed loading during single support and double support.
These results imply that the sockets were total contact sockets. Figure 7.3 (PTB socket) and
Figure 7.4 (Hydrocast socket) show examples of the magnitude of peak pressures at all
measured sites from subject #2. Figures 7.5 and 7.6 show the magnitude and directions of

the resultant shear stresses from the PTB and hydrocast sockets respectively during single

support for subject #2. Resultant shear stresses were calculated from \/(lonss)z +(tang)? ;

where long; = longitudinal shear stress and tang = tangential shear stress. The results of

the standing stresses all for the ten subjects of the standing stresses are listed in tables 7.4
and 7.5 (resultant shear stresses) for PTB sockets and tables 7.6 and 7.7 (resultant shear

stresses) for hydrocast sockets.
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The peak values of the pressures determined at the patellar tendon bar area of a
PTB socket are in agreement with those published in the literature, with a maximum value
reported as 304 kPa. ( Isherwood, 1978 ). The percentage change in pressure as a result of
varying the indentation of the patellar tendon bar is shown in figure 7.18 and table 7.9 for
the PTB socket and figure 7.19 and table 7.10 for the hydrocast socket. The percentage

change was found to be subject dependent and not socket type dependent.

The average percentage increases in pressure values, from the neutral position to
+ 2 mm indentation and to + 4 mm indentation, in all ten subjects, were 25 % and 49 % for
the PTB and 24 % and 48 % for the hydrocast sockets. Whilst the average percentage
decreases in pressure values from the neutral position of the patellar tendon bar to -2 mm

were 92 % for the PTB and 93 % for the hydrocast socket.

Looking at the interface pressures, repeatable characteristics were evident in the
data from different steps at all sites. Excluding the patellar tendon site, the results from the
PTB socket from 10 subjects showed that M1 sites (mid medial between proximal and
distal of the medial aspect) and anterior distal sites yielded greater pressures than other
sites. These were in the range of 65 kPa to 72.3 kPa and 63 kPa to 110 kPa respectively.
Pearson et al (1973) reported anterior distal sites averaged 289 + 194kPa, lateral tibial
condyle site pressures averaged 122 + 100kPa, and medial tibial condyle site pressures
averaged 50 + 40Pa. Sanders et al (1992) found pressure maxima at the anterior proximal
sites (including patellar tendon) and anterior medial sites ranged from 52.2 kPa to 223.8
kPa. Whilst for the hydrocast sockets, generally results showed the pressures were evenly

distributed and of about the same value unlike the distribution in the PTB socket. In this
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Patellar Tendon bar Anterior Posterior Medial Lateral Distal end
Socket Aver. | Min. | Max. | Aver. | Min. | Max. | Aver. | Min. | Max. | Aver. | Min. | Max. | Aver. | Min. | Max. | Aver. | Min. | Max.
type (+1SD +1SD) (+1SD) (+1SD) (+1SD) (+1SD)
(kPa) (kPa) (kPa) (kPa) (kPa) kPa)

Hydrocast 77 25 | 140 57 46 68 56 43 69 55 42 68 55 40 68 40 31 48
socket (34 &2 ® ® 9 (12)

PTB 265 96 | 451 69 41 83 51 16 92 40 3 112 55 4 139 30 12 39
socket (117) (16) (22) (30) (€X)) (16)

Table 7.11: Values of pressure with PTB and hydrocast sockets during bar transation from -2 mm to + 4 mm for ten subjects.
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7.7 Results of pressure and shear stresses measurements in the PTB and Hydrocast

sockets.

The same technique of ‘ensemble averaging’ , (Fleming, 1997) was used to present
a mean value, normalised over the gait cycle heel strike to heel strike, 0 — 100% of the gait
cycle. Prior to the process of averaging, all the data obtained had to be normalised to 100%
of the gait cycle. Since stresses is a function of area and force, and each subject was to be
compared only with data collected from the same subject, at self-selected velocity, but on a
different socket (PTB or hydrocast sockets), no further normalisation (height or weight or
others) was performed. For each subject all the data on one socket have been averaged and
compared to the corresponding data from the other socket. The mean results for the PTB
and Hydrocast socket for each subject of the ten subjects are. presented in figures 7.20 to
7.69. The peak mean values of the result for the ten subjects during dynamic tests
including standard deviations are listed in table 7.12 for PTB sockets and table 7.13 for
hydrocast sockets. The average peak stresses and standard deviation were obtained from

the statistical analysis of the fifteen step data.
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]

pm2 {pm3| p1 | P2 | pia | pio leea la [ e |

LI pT T a1 ] Az | a3 [am-1]amo] ami [amz ][ ams | mo [ va [ m2 [ m3 [pma]

Tan g5 8(2) |-7(2)| 8(1) [-103)| 6(2) | 6(2) | -3() | -6(1) | -7(2) | -43) | -5(1) | -102) | -7(1) [153)| -6(2) |-2(1) |103){-7(3) | -53) | -72) | -9¢a) | 2703
Press. 203(10)49(5) [ 76(6) | 74(8) | 16(7) | 5(2) | 56(5) | 29(3) | 11(4) | 72(9) | 78(6) | 31(5) [17(8)|62(9) | 45(3) |16(4)|87(5)|50(6)|60(3)|38(8) | 42(7) sts
Lon gg 503) [25(3)[35(3) | 35(2) | 25(5) [20(6) | 30(1) | 26(4) | 24(3) [38(3)[29(2) | 28(2) |25(3) [28(2)| 21(4) | 9(5) |33(2) | 24(2)|28(1) | 22(3) | 19(4) 24(5)
Resultant SS | | 51(4) |26(4)[36(3)] 36(4) | 26(5) [21(6)| 30(1) | 27(4) | 25(4) |38(4) [29(2) | 30(3) [26(3)]32(4)| 22(4) | 9(5) |34(4)[25(4) |28(3)|23(4)|21(6) 25(6)
Shear angle,0 9 -16 13 -16 13 17 -6 -13 -16 -6 -10 -20 -16 28 -16 -13 17 -16 | -10 | -18 | -25 -16

[T w1 [z ] s [aLa]ave]an| a2 [aL3| pE |

Tan g 103) | 41) | 3) | -4() | -83) | 72) | -8(1) |-4(1)
Press. 66(5) |52(8)|58(6) | 6(4) |36(3) |72(7)[113(10)[23(6)] 23(4)
Lon g 25(1) 126(3) [202) | 25(2) | 202) |24 | 273) [31(1)

Resultant SS | | 273) [26(3)(2003)| 252) | 22(4) |25(3)| 28(3) [31(1)

Shear angle,0 22 9 9 -9 -22 16 -16 -1

Ll pr | a1 [ A2 |ama]amo]ami] amz [ w1 [ mo [ ma [m2 [ emi [ et [pui] Pz o [ o | 1 | L2 [AL-1]avo | ALt | ALz [pE

Tan g5 18(2) |-3(1) | 6(1) 2(H) 1922 | -2(1) 11(2) |-112)[-3(1) | 102) [18)|-8(3) | -9(3) 7(3) [-7(3) -6(4) [ -12(2) | 8(2)

Press. 229(14)158(2) | 68(2) 10(1) 125(2)1 39(2) 59(4) [64(2)[21(3) | 49(3) | 68(6)|54(5)] 25(10) 19(6) | S4(7) 29(8) 1111(15)] 82(5) 23(3)
Lon g5 35(3) {10(3){12(2) 6(2) 1142)| 18(3) 28(3) {30Q2) [ 12(1) ]| 19(4) |25() | 12(2)| 13(2) 143) [29(1) 10(1) | 34(2) |33(3)

Resultant SS 39(4) [103)113(2) 6(2) 1173)] 18(3) 30(4) {32 {12(D) ] 21H) [31(3) | 14 | 16(d) 16(4) {30(3) 124) | 36(3) {34(4)

Shear angle,0 27 -17 | 27 18 | -33 -6 21 <20 | -14 28 36 | -34 -35 27 | -14 -31 -19 14

Tan g 22(5) |15(6) |-10(2) -8(1) [-5(1) | 6(1) | -133) | -8(2) | -8(2) | -10(2) 822) | 8G3) |-2(1) | -4(1)

Press. 226(15) | 41(3) | 60(4) 60(4) {85(6) | 40(7) | 75(3) |60(5)|{60(4)| 59(3) 29(2) | 77(3) | 74(4) | 10(3) 12(2)
Lon g 48(3) [18(2)[25(4) 29(1) |32(1) [ 21(3) | 28(2) |303)[25(3)| 27(2) 133)1334) 138(3) | 7(2)

Resuitant SS 53(6) |23(6)|27(4) 30(1) |32(1) | 223) | 31(4) [31(4)|26(4)| 29(3) 15(4) |34(5) {38(3) | 8(2)

Shear angle,0 25 40 | -22 -15 -9 16 -25 -15 | -18 -20 32 14 -3 -30

Table7.12: Average pressures + (1SD) across all sites for PTB sockets during gait measured using B.E.S.T. Note; Tan g =

Tangential shear stress,
Press. = Pressure and Lon g5 =

Longitudinal shear stress. Stress units all in kPa and shear angle in degree. The patellar tendon (PT) bar pressure
and shear stresses were measured using PT transducer and distal end pressure was measured using electrohydraulic transducer.
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L[ et [ a1 [ a2 [am-1]amo ami] amz [m1 ] mo | m1 [mz2] em1 | pe [pus [Pz [ [ o [ i [ 12 [ailaie] att latzl oe ]

|
#8[Tan s 102) |-12(2) 8(4) | -4(3) 103) [-11(3 -11(4) [-10(2)] 10(2) 8(3) -23) | -7Q3) )
Press. 200(9) [65(8) 35(10)|59(11) 64(3) |94(8) 62(7) [70(6)[51(9) 37(8) 273) [97(10) 24(5)
Lon g 35(4) [28(3) 212) |21Q2) 23(2) |372) 26(3) |32(3)]26(1) 21(2) 17(2) | 39Q2)
Resultant SS 36(4) |30(4) 22(4) | 21(4) 25(4) |39(4 28(5) |34(4)|28(2) 22(4) 17(4) | 40(4)
Shear angle,0 16 | -23 21 | -1 23 | -17 23 | -17] 21 21 -7 | -10
#9|Tan g 25(6) |-10(3)] 15(2 -3(2) | 6(2) 83) | 763) -1133 -12(3) -6(1) | 6(1)
Press. 190(9) |75(10)(65(11) 25(9) |493) 75(3) | 1104 70(13) 64(5) 35(6) | 74(8) 193)
|Lon ss 402) |23(2) [28(2) 16(4) [20(3) 25(2) | 382 303) 20(5) 20(2) | 29Q2)
Resultant SS 47(6) |25(4) [323 16(4) [21(4) 26(4) | 39¢4 32(4) 23(6) 21(2)|30(2)
Shear angle,0 32 | 23 { 28 - 18 | 10 -20 -31 171 12
#1
0 (Tan g 13(2) |103) |-1003) 4 | 32 -7(3) |-113 132) 1-102)| 83) | -104) -7Q2) 10(5) | -12(1)
Press. 187(10) [ 55(8) | 80(7) 27(6) | 52(5) 67(5) | 98(5 67(5) 163(8)|70(1)] 35(6) 64(8) 48(3) [115(12) 27(4)
Lon g 304) {20(5)| 2301 17(1) [21(1) 29(3) | 38(2) 25(2) {2002)|15(4)| 18(4) 39(3) 25(2)| 40(1)
Resultant SS | | 33(4) [22(6){25(3) 17(1) | 22(2) 30(4) |40(4) 28(3) 12213) | 17(5)| 21¢6) 40(4) 27(5)| 42(1)
Shear angle,0 23 {27 |-23 13 | 21 -14 | -16 27 [ 27128 -29 -10 22 | -17

...Contd.... Table 7.12: Average pressures + (1SD) across all sites for PTB sockets during gait measured using B.E.S.T. Note; Tan s =
Tangential shear stress, Press. = Pressure and Lon g5 = Longitudinal shear stress. Stress units all in kPa and shear angle in degree. The
patellar tendon (PT) bar pressure and shear stresses were measured using PT transducer and distal end pressure was measured using

electrohydraulic transducer.
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| [pr

A1

A2 |AM-1 [AMo |am1 lam2 |M-1 |mo

M1

[m2

bvi lp1 feea Pz i Jo lui Jiz Jara lae lanr larzloe |
1
#4 Tanss 8(1) 4(1) 14(2) 5(3) I»5(2) -7(1) -8(1) le(l)  [9(2) -6(1) |-4(1) -8(1) -9 |-6(1)
Press. 59(5) 52(4) [57(5) I58(7) I57(8) 48(4) [56(5) [67(6) |57(4) 54(5) |56(5) 57(5) 154(3) |514)
Lon ss 22(2) 18(1) [17(4) 20(4) PR4(2) 22(2) |15(3) [16(1) |22(2) 24(3) [31(2) 22(2) [23(1) §20(1)
Resultant SS | 232)  [180) [174) P1(5) P5(3) 3@ h13) 1) Pa3) P53y i) 2132) sty 2101)
Shear angle,0 | |20 13 13 F14 L5 -18 -28 21 22 -14 -7 -20 -21 -17
#S |Tan g5 9(3) 512) [7(1) 8(1) 7(3) -8(2) [7(2) |9(1) |-6(2) 6(1)  1-8(2) 9(1) [7(2) |6(1) 8(1) [7(D)
Press. 5714)  525) |55 511) |54(9) s54) l46(3) la6@) Is1s)  l676) |57 643) l62(4) |67(6) 583) [62(4) 31(4)
Lon ss 18(1) 17(3) [15(1) 19(3) [23(4) 22(1) |20(2) |18(1) [17(1) 16(1) [14(2) 13(1) [22(2) [21(1) 20(1) [18(2)
Resultant SS | [20(3) 18(4) [17(1) 21(3) |24(5) 23(2) |21(3) [20(1) 18(2) 17(1) [16(3) 16(1) 123(3) [22(1) 22(1) [119(2)
Shear angle,0 | [27 16 25 23 17 -20 19 -27 -19 21 -30 35 18 16 22 21
H6 Tanss 7(5) 4(1) 14(2) 3(2) 5(2) 8(2) [7(2) 8(1) |8(1) [9(1) 112) [13(1) (1) 7(1) [6(1) 8(2) 7(1) 7(2)
Press. 62(8) 64(6) 164(6) S4(8) |59(11) 54(6) |57(2) {58(3) 149(4) 157(5) 59(6) 163(6) 57(6) [67(7) 164(8) 59(4) |57(3) [54(6) 42(3)
Lon sS 22(2) 16(4) {19(2) 17(4) 116(3) 18(2) [17(2) [22(1) [23(1) {19(1) 14(2) [18(1) 17() [15(1) [19(1) 21(2) {19(1) 18(4)
Resultant SS | 235)  {16(4) 1193) 174) 174) 2003) 1863)  [23) aqy iy |183) L2 190) 171) foq1) 203) o)  [19¢)
Shear angle,0 | [18 14 12 10 17 24 22 20 19 25 38 36 5 25 18 21 20 21
#7 [Tan g5 9(3) 7(2) 8(1) |8() 82)  52) A1) ||33) 18(Y) 2(1)  f6(1) 7(1)  18(2)
Press. 80(10) [64(6) 64(9) [67(12) 64(4) 168(4) 67(1) 573) [67(3) 67(4) 156(8) 64(9) 167(9) 45(2)
Lon sS 35(2) 25(2) 28(3) [24(1) 27(3) [28(3) 27(2) 25(4) 24(5) 16(2) |17Q2) 18(2) [23(3)
Resultant SS | [36(4)  [26(3) 293) [25(1) 28(4) [28(4) 272)  [254) [25(5) 162) 182) 192) P4
Shear angle,0 | |14 16 16 18 16 10 -8 -7 -18 7 19 21 19

...Contd... Table 7.13 : Average pressures + (1SD) across all sites for HYDROCAST sockets durin
Note; Tan g5 = Tangential shear stress, Press. = Pressure and Lon gg =

g gait measured using B.E.S.T.

Longitudinal shear stress. Stress units all in kPa and shear angle in

degree. The patellar tendon (PT) bar pressure and shear stresses were measured using PT transducer and distal end pressure was

measured using electrohydraulic transducer.
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[Ter a1 [a2  |amci [amofami [amz [mo1 Mo [mi vz Jemn Jer Jeus Jez g o Jui i

|AL-1 JALO \AL] \ALﬂDE

#8 [Tan g 108)  |9(1) l8(2) 6(3) -5(2)  |6(1) -72)  |-8(2) [-53) 40 I8 6() B
Press. 64(11) |56(7) 57(11) [58(10) 46(6) |57(8) 48(10) 152(11) [52(8) 51(4) |56(6) 53(13) 157(2) 42(3)
Lon g 23¢4)  [183) 154) [112) 20Q) [18(2) 173) _ {15@) [11Q2) 143) [132) 18(4) R0O(6)
Resultant SS | [25(9)  [2003) 17(4) 134) 213) [19Q) 18(4)  [17(4) [12(4) 15(3) [152) 19¢4) R0O(6)
Shear angle,0 23 27 113 9 -14 -18 -22 28  |-24 16 32 18
#9 [Tan g 93) ) |8 43) [72) 8(1) 93)  [101) |-8(1 72)  16(3)
Press. 6112) |57(6) 164(3) 54(12)[48(8) 57(7) 64(8)  54(7) [54(8) 64(9) [62(8) 35(4)
Lon g 29(6)  [22(5) 123@2) 18(4) 1172 15(4) 18(6)  [19Q) [211) 192) 1222)
Resultant 8S | [30(7)  [23(5) ]4(2) 18(5) [18(3) 17(4) 2000 212) 22(1) 203) [|23(4)
Shear angle,0 | |17 18 |19 13 |2 28 27 28 |21 20 |15
#10[Tangs IO P I () 52) [6(2) -8(1)  |-6(1) 5() () 8D 4(1)  |-6(2) 52) [5(1)
Press. 57(14)  47(4) 152(4) 48(14){54(7) 53(4) 154(5) 546) l62() 1535 59(6) 154(8) 52(7) |48(6) 49(2)
Longs 235)  12iQ2) |20Q2) 18(6) {17(1) 153) 1142 20 218) [19(4) 17(8) 118(2) 192) |20(4)
Resultant 8S | 25(5) [22(3) 21@2) 19(6) [18(2 173) _ [152) 23(1)  [22(8) 214) 17(8) 1193) 203) [214)
Shear angle® | [26 21 19 16 (19 28 |23 13 18 |23 13 |18 15 |14

...Contd... Table 7.13 : Average pressures + (1SD) across all sites for HYDROCAST sockets during gait measured using B.E.S.T.
Note; Tan s = Tangential shear stress, Press. = Pressure and Lon g5 = Longitudinal shear stress. Stress units all in kPa and shear angle in
degree. The patellar tendon (PT) bar pressure and shear stresses were measured using PT transducer and distal end pressure was

measured using electrohydraulic transducer.
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77.1 General curves of interface stresses

The interface stress results from the dynamic tests on test subjects are shown in

Figures 7.20 to 7.69. Interface stress measurement sites labelled for each subject are

located on each of the PTB and hydrocast sockets as shown in figure 6.9, table 7.1 and
table 7.2. Positive sign conventions for the directions are also shown and described.
(Figure 7.2 and section 7.2).

The interface stresses during the stance phase of walking at most sites showed a
two peak pattern. Williams et al (1992) also stated that most measurements of pressures
during gait, show that the major general shapes of the interface stresses are double peaked.
Prior to heel strike, the pressures began to increase gradually. This was due to musculature
contraction in preparation for heel strike. In a previous study by Pearson et al (1974)
muscular contraction in the trans-tibial residual limb has been shown to produce pressures
twice those that occur when the muscles were relaxed. The rate of increase in pressures in
this short time frame was dependent on the location of the sites. At heel strike, the
pressures increased almost instantaneously which was followed by a steep climb to the
first peak. During stance phase, interface stresses curves were usually double-peaked with
the first peak 10% to 25% into stance phase of the gait cycle (0.12 s to 0.32 s after heel
strike and the second peak at 40% to 62% of gait cycle (0.48 s to 0.67 s) after heel strike.
Generally, the first peak is associated with weight-acceptance followed by translational

motion forward, and the second peak is associated with push off.
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the swing phase. Tangential shear stress was seen to be much smaller than longitudinal
shear, as was observed by Sanders and Daly (1989) and Sanders et al (1992). Table 7.14

(PTB socket) and table 7.15 (Hydrocast socket) summarises the results obtained.

230



[ Subject Pressure, ,+ 1 SD Resultant SS, + 1 Shear angle, 9,
(kPa), [Site] SD (kPa), [Site] (deg.) [Site]
Minimum_ | 52 . |..: AMO _1....9G). | PM3_ | 25 ... PL3 |
41 | Maximum | 203(10) [ PTbar | 51(4) | PTbar | 28 PMI
Minimum__ | | 10(1) _|... AMO | 6(2) | .. AMO | 35 ... PL2 |
# | Maximum | 229(14) | PTbar | 39(4) | PTbar | 36 P1
Minimum | ] 103) | _AL-1_| 8(2) 1. AL-1 | 230 .. AL-1
43 [ Maximum | 226(15) | PTbar | 53(6) | PTbar | 40 Al
_Minimum__ | 283) ... LO 1. . 134). ... Lo | .. =21 | PMl |
# | Maximum | 224010) | PT 40(5) PT 29 Lo
| Minimum |} 27(4).. ... AMO | 131)__.1 . AMO | -18 | PM1 |
45 Maximum | 202(10) | PTbar | 47(2) | PTbar | 34 L0
[ Minimum | 172) AMO | 1) | AMO | 34 | . AMO
#6 Maximum | 210(16) | PTbar | 48(4) | PTbar | 22 PT bar
| Minimum | 37(6) ._|.. AMO | 19(4)_. ... ALO_ | 21 (] PLI/Al |
#7 Maximum | 230(17) | PTbar | 43(3) | PTbar | 21 PT bar
| Minimum__ | 27(3) ... ALO | . 17(4).__|__ALO_ | -23 | Al/PMI1
#8 Maximum | 200(9) | PTbar | 40(4) ALl 23 MO
| Minimum_ | 25(9).._ .. AMO [ . 16(4)___|... AMO | 31 PL1 |
#9 Maximum | 190(9) | PTbar | 47(6) | ALl 32 PT bar
| Minimum_ | 27(6). | AMO i 17(1) | .. AMO__ | 29 ... PL2
#10 Maximum | 187(10) | PTbar | 42(1) ALl 28 PLI

Table 7.14: Summarised minimum and maximum stresses values obtained from the PTB
socket for all subjects during the gait.

Subject Pressure, , = 1 SD Resultant SS, + 1 Shear angle, 6,
_(kPa), [Site] SD (kPa), [Site] (deg.) [Site]
| Minimum_ | 35(4) | DE _|... 103). L. AM:1 | -18 | . ALO
#1 Maximum 64(3) 12 27(8) PL2 37 AM-1
|__Minimum | 49(6) | .. ALO 1 .. 132) _[.... Pl ... 30 | MO
#2 Maximum 68(7) | PTbar 23(5) PT bar 32 Pl
| Minimum__ | 6(1) [ Pl .. 18(3)..f...] LI | 214 [ MO
#3 Maximum | 7 '1(8) | PT bar 32(2) Pl 60 Pl
| Minimum__ | 48(4) | .. MO |.... 17¢1) |- M2 ... 28 | ML
#4 Maximum 67(6) M2 25(3) AMI 22 PM1
| Minimum__ | 46(3) | ] ML | l6(1) . [ ... Lo | .. 30 . PLI .
#5 Maximum 67(6) | P1/L2 24(5) AMI 35 L0
___Minimum__ | 49(4)._|...] M2 1. 164) | __.Al | .. 10 _|.._AMO
#6 Maximum 67(7) LO 24(1) M2 38 Pl
| Minimum___ | 56(8) | ... LI _f.. 16(2) . |....] Lo | .. |18 PL1 .
#7 Maximum | 80(10) PT 36(4) PT bar 21 ALO
| Minimum__ | 46(6) | ] U 12(4)___].... PL1 | .. 28 ... Pl ..
#8 Maximum | 64(11) PT 25(9) PT 32 Ll
| Minimum___ | 48(8) | - AMIL | _.. 17¢4) [ .MO___[ 21 4 PLI .
#9 Maximum 64(8) PMI 30(7) PT 28 PT bar
| Minimum___ | 47¢4). | ... Al 1. 152) . ML 28 | MO
#10 Maximum | 62(7) Pl 25(5) PT bar 26 PT bar

Table 7.15: Summarised minimum and maximum stresses values obtained from the
Hydrocast socket for all subjects during gait.
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Figure 7.72: Peak resultant shear stress directions at sites: PT bar, A1,A2 and A3 for subject # 1 to #10 of PTB (left) and Hydrocast (right

sockets). All vectors shown are directed upward and occurred at different times in the gait cycle. Magnitudes are to AutoCad software
computer scale. Socket picture is for illustration only.
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Figure 7.73: Peak resultant shear stress directions at sites:

AutoCad software computer scale. Socket picture is for illustration only.
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. AM-1, AMO, AMI1, AM2, and M-1 for subject # 1 to #10 of PTB (left) and
Hydrocast (right sockets). All vectors shown are directed upward and occurred at different tim

es in the gait cycle. Magnitudes are to
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Figure 7.74: Peak resultant shear stress directions at sites: M0, M1, M2 and M3 for subject # 1 to #10 of PTB (left) and Hydrocast (right

sockets). All vectors shown are directed upward and occurred at dlfferent times in the gait cycle. Magnitudes are to AutoCad software
computer scale. Socket picture is for illustration only.
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Figure 7.75: Peak resultant shear stress directions at sites: PM1, PM2, PM3 and P1 for subject # 1 to #10 of PTB (left) and Hydrocast (right

sockets). All vectors shown are directed upward and occurred at different times in the gait cycle. Magnitudes are to AutoCad software
computer scale. Socket picture is for illustration only.
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Figure 7.76: Peak resultant shear stresses directions at sites: P2, PL1,PL2 and PL3 for subject # 1 to #10 of PTB (left) and Hydrocast (right

sockets). All vectors shown are directed upward and occurred at different times in the gait cycle. Magnitudes are to AutoCad software
computer scale. Socket picture is for illustration only.
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Figure 7.79: Peak resultant shear stress directions at sites: AL2 and AL3 for subject # 1 to #10 of PTB (left) and Hydrocast (right sockets).

All vectors shown are directed upward and occurred at different times in the gait cycle. Magnitudes are to AutoCad software computer
scale. Socket picture is for illustration only.
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773 Resultant Shear Stress to Pressure (Ratios)

The ratios of resultant shear stresses to pressure at measured sites of the
socket for all ten subjects are shown in table 7.16 (PTB socket) and table 7.17 (Hydrocast
socket). An unstable change of the ratios may result from the influence of error in small
pressure values. At most points, the ratios were less than 1.0 with the exception of subject
# 1 with the PTB socket. This occurred because of pistoning during the initial experiments.
Thus increasing the shear stress as a direct result. The average ratios for the PTB socket
were 0.49 + 0.15; minimum ratio of 0.17 at PT for subject #10 and the maximum ratio of
4.22 at site AL1 for subject #1. If subject #1 is excluded (due to problems of pistoning,),
the maximum ratio is 0.82 at site LO for subject # 2. Whilst for the Hydrocast socket the

average ratio was 0.37 + 0.05; with minimum ratio of 0.19 at PT for subject # 1 and the

maximum ratio of 0.95 at AM1 for subject # 4.
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7.7.4 Stresses distribution around the sockets.

The average stresses distribution measured using the B.E.S.T transducers from ten
subjects for the PTB and Hydrocast socket are shown in Table 7.18. Low standard
deviations were found in the Hydrocast socket compared to the PTB socket and thus, the
results also show, during dynamic gait that a more uniform stresses distribution was

recorded from the Hydrocast socket compared to the conventional PTB socket. (Figure

7.80 and Figure 7.81).

PT bar, Al, AM-1, AMO, |PM1, PM2, L-1,L0, L1,
A2 and A3 AM1, AM2, PM3,P1,P2, |L2,L3, AL-1,
AM3, MO, PL1,PL2, PL3 | ALO, AL1,

M1, M2, M3 AL2, AL3
Anterior Medial Posterior Lateral
Hydrocast socket
Pressure (kPa)
Average + 1 SD 60+ 7 55+6 57+7 58+ 6
Resultant SS (kPa)
Average = 1 SD 22+ 5 216 22+5 19+£3
PTB socket
Pressure (kPa) 11572
Average + 1 SD 64 + 10 *** 52+27 6116 59 + 31
Resultant SS (kPa) 33+10
Average = 1 SD 28 + 7 *x* 26+ 7 266 26+ 9

*** Results for PT bar not included.

Table 7.18: Average pressure and shear stresses distribution on ten subjects for Hydrocast
and PTB socket.
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7.8 Results of interface pressure measurement using commercial F-Socket™ sensor.

As explained in Chapter 6, section 6.3.2, during F-Socket™ sensor testing on the
subjects, all the proximal sensors of the anterior, posterior, medial and lateral aspects were
positioned at a level just below the Patellar Tendon Bar due to the experimental socket,
with its moveable patellar tendon bar, preventing more proximal sensor measurement,

therefore site measurement around the socket wall only occurred below the datum “0”.

The average values of the peak pressure results during dynamic gait using the
F-Socket™ sensor are presented in table 7.19 (PTB socket) and table 7.20 (Hydrocast
socket). The tables also present comparison results from the same site with other the
transducers utilised in these studies i.e. custom-made B.E.S.T, customised-commercial
Entran transducer and custom built electrohydraulic transducer for distal end

measurement.

Differences were seen in average peak magnitude interface pressure for F-Socket™
sensor but not for Entran and B.E.S.T. transducers. This was expected because of different
sessions and possibility because of temporal changes in stump volume. Percentage of
difference for the F-Socket™ sensor against Entran transducer for the PTB socket ranged
from 6% at site L1, subject # 7, to 38% at site PL2, subject # 2, and at site AM3, subject #
1. Whilst for the Hydrocast socket, the difference ranged from 4 % at site A2, subject # 9,

t0 29 % at site AL, subject # 6.
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7.9  Step duration. (heel strike to heel strike)

From the results of step durations displayed in table 7.21, (eight subjects
using foot switches and another two subjects using a Kistler force platform), there were no

statistically significantly differences in step durations between the PTB and hydrocast

sockets.

Subject PTB socket Hydrocast socket
average £ 1 SD average = 1 SD
(s) (s)
#1* 1.23 £ 0.04 1.22 +0.03
#2* 1.19+0.02 1.21+0.04
#3 1.18 + 0.03 1.19+0.02
#4 1.19 + 0.03 1.20 + 0.05
#5 1.18 £ 0.04 1.17+0.03
#6 1.20 £ 0.02 1.21+0.03
#7 1.24 £+ 0.05 1.23 + 0.04
# 8 1.19+0.02 1.20 + 0.03
#9 1.20 + 0.03 1.19+0.04
#10 1.21 +£0.02 1.22 +0.03
average 1.201 +0.03 1.204 + 0.03
min 1.18+0.03 1.17+0.03
max 1.24 £ 0.05 1.23 +0.04
n=15

Table 7.21: Step duration measured using foot switches. Note: n = number of tests
represented in every subject. * measured using Kistler force platform.
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hydrocast socket thus display much reduced values compared with those from the

PTB sockets.

Sanders et al (1992) in their measurement of pressure and shear
stresses found values up to 205 kPa and resultant shear stresses up to 54 kPa. The
values obtained in this study on the maximum pressure and maximum shear stresses
fall within this range. However it was found that the values of pressure and shear

stresses varied from subject to subject and from site to site.

Utilisation of the electrohydraulic transducer indicated that all subjects
in both sockets displayed an amount of end bearing. This varied from subject to
subject, with a range of 14 & 3 kPa to 35 + 4 kPa for the PTB socket and 31 + 4 kPa to
49 + 2 kPa for the hydrocast socket. All subjects reported no discomfort at the distal
end. These results tend to support the theory of the PTB socket in that loading at the
patellar tendon reduces the tendency to end load bearing, whereas there is no attempt

to off load the distal end of the stump in a hydrocast socket.

The results obtained from the dynamic gait trial in (table 7.18, figure
7.80 and figure 7.81) clearly show that a more uniform pressure distribution for the
Hydrocast socket was obtained. Table 7.18 showing the ranges of results for the four
walls (Anterior, Posterior, Medial and Lateral) for both sockets clearly indicates a
much smaller standard deviation of the pressure values for the hydrocast socket in all

aspects. This provides further evidence of a more uniform and less variable pressure

distribution.
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Sites AM-1 to AM3 Sites M-1 to M3
Subject no.
#1 AM-1>AMO<AMI>AM2>AM3 | MO<MI1>M2>M3
#2 AMO<AMI<AM2 MO<M1>M2
#3 n/a MO<M1>M2
#4 n/a MO<M1>M2
#5 n/a MO<MI>M2
#6 AMO<AMI>AM2 MO<M1>M2
#7 AM0<AMI MO<M1
#8 AMO<AMI MO<M1
#9 AMO<AMI M0O<M1
#19 AMO<AMI MO<M1

Table 8.3: Comparison of magnitudes (without values) for the medial aspect of the

PTB socket. Note: n/a = not available for comparison due to lack of measurement

sites

Sites AL-1to AL3 Sites L-1to L3
Subject no.
#1 AL-1<ALO<AL1<AL2>AL3 | LO<L1>L2>L3
#2 AL-1<AL0>ALI LO<L1
#3 n/a LO<L1<L2
#4 n/a LO<L1<L2
#5 n/a LO<L1<L2
#6 AL1<AL2 LO<LI
#7 ALO<ALI LO<L1
#8 ALO<ALI1 n/a
#9 n/a LO<LI1
#10 ALO<ALI n/a

Table 8.4: Comparison of magnitudes (without values) for the lateral aspect of the

PTB socket. Note: n/a = not available for comparison due to lack of measurement

sites

261



Similarly table 8.4 shows the situation on the lateral distal aspect. (L1,L2, AL1
and AL2). This was exhibited by most subjects, (subject #1 showed a slightly
different variation from this) once again supporting Radcliffe’s concept of medial-

lateral stabilisation in the PTB socket.

Considering the sagittal plane, Radcliffe’s analysis indicated that at
heel contact on the PTB socket forces would be predominantly acting at the patellar
tendon in a posterior direction and at the posterior distal aspect in the anterior
direction. This study has shown high pressure occurring at the patellar tendon,
therefore concurring with Radcliffe’s concept, but owing to a lack of measurement

sites it is not possible to concur with this theory of loading posteriorly.

Furthermore, his analysis at shock absorption and at push off indicates
a change in the force system such that stump loading would occur at the anterior distal
and posterior proximal aspects. Again this study was unable to confirm the concept
concerning the posterior loading due to a lack of measurement sites however this

study found that the area of highest pressure anteriorly was the patellar tendon.

The hydrocast socket, on the other hand, does not yield results that

accommodate Radcliffe’s concept. (See Figure 7.81). The hydrocast socket shows a

far more even distribution of pressure in the medial-lateral and the anterior-posterior

planes.
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The electrohydraulic transducer, situated at the distal end of the socket,
showed a positive pressure value throughout the gait cycle for both types of socket for
all subjects. This indicates that the end contact was maintained during swing phase,
showing that pistoning of the prostheses was minimal. The values recorded during
stance phase indicated that a degree of end bearing occurred on both socket types

however the hydrocast socket had the higher amount of end bearing (average 40 + 12

kPa) compared with the PTB of 30 £+ 16 kPa.

Considering the results of the shear stresses it is clear that the values
for tangential and longitudinal shear stress are much smaller than that of normal
stress. The average values of the resultant shear stress acting on hydrocast sockets are
25 % lower than those acting on the PTB socket. It is thought that the higher values of
shear stress in the PTB socket compared to the Hydrocast socket are related to the
higher values of normal stress which occur due to the aggressive rectification
performed by the prosthetist during production of the PTB socket. The hydrocast

socket undergoes no such rectification and therefore a more uniform distribution

results.

The low ratio of resultant shear stress to pressure indicates, it is

believed, that normal stress and not shear stress is responsible for providing the

majority of support.
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The discussions here are focused on the correlation of the patellar
tendon bar with other test sites. In this study, the correlation of varying the load on the
patellar tendon bar has on the pattern of pressure distribution at the stump socket
interface has been investigated. The sites of interest for transducer location were the
same for all experimental sockets for each individual subject with the centre of the
patellar tendon acting as a datum. The data provided some interesting results for PTB
and Hydrocast sockets which showed that, as the patellar tendon area of the prosthesis
was compressed, the pressure at that site increased quite significantly for all subjects;
however the amount of pressure varied from subject to subject as would be expected.
The pressures recorded at the test sites from the transducers did not show any
particular variation in pattern when the patellar tendon bar was compressed or
relieved i.e. it had no significant effect on the other areas of the socket. (Figures 7.8 to
7.17). These results, by virtue of the fact that positive pressures were recorded from
all sites, tend to support the hypothesis that they were total contact sockets. However,
it should also be recognised that the attempt, by the prosthetist, to minimise the

loading on the distal end of the stump was successful.

From the results shown in figures 7.8 to 7.17, it is the author’s conclusion that
increasing or decreasing the load at the patellar tendon had no effect on the overall

pressure distribution between the stump and the socket of a PTB prosthesis or

Hydrocast prosthesis.

265



In an attempt to understand why the increase or reduction in pressure

applied to the tendon had no effect on the pressures around the socket the following

procedure was adopted.

The internal surface area of a socket was estimated from the level of
the patellar tendon distally. This was achieved by carefully applying 25 mm masking
tape so that no overlap occurred, removing the tape and measuring the area thereof.
This area was divided by the area of the sensing surface of a transducer to estimate the
total number of sites which, theoretically, could be utilised. The value of pressure lost
from the patellar tendon on removal of the PT transducer was then divided by the total

number of potential sites to give the increase which would theoretically occur.

€.g.: socket for subject # 6

¢ Transducer sensing surface diameter =5.6 mm

¢ Transducer sensing surface area = 24.64 mm’

® Average pressures on 12 sites =57.5kPa

® Area of internal socket surface = 39345 mm?*

* Total number of potential measuring sites = 1597
210kPa

=0.131 kPa/ site

.. Increase in pressure per site =

It is clear that the increase in pressure per site of 0.131 kPa is almost
insignificant, could not be detected by our measurement system and is unlikely to be

detected by the subject.
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Subjective feedback from the participants indicated that the patellar
tendon bar could be indented a further 4mm from the original rectified position
without causing pain. However the subjects unanimously preferred the relief position.
This study of ten subjects therefore supports the supposition of Kristinsson (1993),
which stated that the concept of load transfer to areas such as the patellar tendon,

medial flare and condyles of the tibia is ineffective and uncomfortable, certainly as far

as the patellar tendon area is concerned.

Analysis of the data revealed peak pressures to be located at the site of the
patellar tendon only when the patellar tendon bar was indented. This peak pressure
varied from subject to subject but always increased as the indentation increased. The
position of the patellar tendon bar preferred by all subjects resulted in a pressure at the

patellar tendon site which was often not significantly higher than other sites around

the socket, and again was subject dependent.
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8.4 Custom-made transducers vs. commercial F-Socket™ sensor

In this study the F-Socket™ sensor from Tekscan Inc. (USA) system
was also used for measuring the stump/socket interface pressure for the PTB and
Hydrocast sockets. In agreement with the results obtained from the custom-made
transducers, the F-Socket™ sensor results showed that the pressure distribution in the
hydrocast was more even than in the PTB socket. However, from the results obtained
as in table 7.19 and table 7.20, all of the interface pressure values recorded at any
measurement sites increased from 6 % to 38% for the PTB socket and 4 % to 29 % for

the hydrocast socket in comparison with values obtained from the strain gauge

technology.

It is thought that there may be several explanations for the increase in
recorded value, some or all may be responsible. There include possible stump volume
fluctuation; possible different position of the stump within the socket; different
walking style although data from step duration, table 7.21, indicates no difference
between tests; an existing pre-pressure brought about by sticking the sensors to the
socket walls; introducing curvature to the sensor is known to influence the readings;

the temperature inside the socket is elevated and thus may have an effect; the

viscoelastic nature of the sensor material.

In order to minimise any deleterious effect from the degradation of the sensor

themselves they were each only used twice.
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However general observation indicates that the F-Socket™ sensor can be used
for initial guidance in the research environment provided the accuracy requirement is
not too high. It is also essential that the techniques of calibration and recognition of
the measurement surface must be given proper due care and attention. It must be
borne in mind that a likely error of up to 38% will occur. Although an error of 38 % is
likely using the F-Socket™ sensor system this technique yielded a similar pattern of
pressure distribution to that obtained with the B.E.S.T and Entran devices, which was
that the hydrocast socket showed a far more even pressure distribution. This finding is

of major importance in the prevention of tissue breakdown, which must be the goal of

any prosthetist when providing a prosthesis to an amputee.

Early studies considered the formation of pressure sores by the loads
transmitted from support surfaces such as beds, wheelchair seats etc. The level of
constant pressure which causes capillary occlusion and therefore disruption of
nutrients and oxygen to the tissue cells is generally reported to be less than 8kPa, [6
kPa (Dinsdale, 1974), 5.3 kPa (Bader and Bowker, 1983), 4 kPa (Fernandez, 1987),
less than 8 kPa (Sanders, 2000)]. This work was later extended to look at the stump /
prosthetic socket interface and to consider shear stress in addition to normal stress.
All of the quoted values are low in comparison to interface pressures measured on a

trans-tibial prosthetic socket. However Dinsdale (1974), reported that repeated

loading of 38 kPa was sufficient to cause ulceration.

It is clear that in the day to day use of a prosthesis, during walking and sitting,
that the level of load transmitted through the prosthesis will vary. However it is also

clear that minimization of the pressures applied at the interface will reduce the
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In order to gain a more complete position of the stress distribution
many more sites around the socket have to be investigated. It is
perceived that this necessitates the development of smaller and lighter
transducers. This would allow data to be collected from more distal
sites thus allowing confirmation or rebuttal of Radcliffe’s theory.

In addition to the above point the new transducers/measurement
techniques should be developed to have increased sensitivity so that
the variations in pressure at the various sites arising from an alteration
elsewhere in the socket (e.g. removal of PT bar) could be detected.

The results from this work, in terms of the values obtained for pressure
and shear stress, are available to be input into a Finite Element
Analysis (FEA) model of a trans-tibial stump/socket interface allowing
further development of such a model.

The results of this work indicated that the hydrocast socket not only
yields a more even pressure distribution but is also the socket of choice
of ten participants. Further trials of the socket should be conducted on
a clinical basis i.e. socket should be delivered to patients for use at
home, work and during sporting activities.

The pressure data indicate a loss of the classical two peak curve
associated with the GRF in the hydrocast socket. Full three
dimensional gait analysis using a motion capture system and force
plate together with pressure transducers should be conducted to

investigate this phenomenon.
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HAPTER 9: CONCLUSION

Transducers capable of measuring normal force and two perpendicular shear
forces. simultaneously, were designed, developed and constructed using standard
electrical resistance strain gauging technology. They proved to be robust, and to
provide repeatable and accurate results when utilised to measure stump/socket
interface stresses. These transducers helped to provide an insight into the complex
biomechanical interactions at the stump/socket interface which may lead to the design
of more functional and comfortable prosthetic sockets minimising the risk of tissue
injury. These transducers are therefore suggested as a useful tool in the field of
rehabilitation and may prove to be of value in other areas of research such as
limb/body/orthosis interfaces, the seat/buttock interface and perhaps any general hard-

soft interface, provided proper, carefully structured inserts are incorporated to allow

the correct installation of the transducers.

Varying the depth of the patellar tendon bar had no detectable effect on the
pressure distribution around the remainder of the socket. The subjects felt no
detrimental effects (quite the opposite) by removing the patellar tendon bar and it is
therefore reasonable t6 conclude that it is an unnecessary feature which may be

eliminated during the manufacture of a trans-tibial prosthetic socket.

272



The hydrostatic tank system, using the concept of uniform pressure
distribution at the stump/socket interface was used to produce sockets which were
compared to standard PTB sockets. The results from the ten subjects showed that the
stress distribution of the hydrocast socket was more uniform compared to the

conventional PTB socket and subjective feedback from the participants indicated a

preference for the hydrocast sockets.
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Appendix A

Al Derivation of shear stress equations (Fig. 5.1)

To derive the shear stresses on the surface of the transducer the following analysis

is required. (Magnissalis, 1992)

A general portion of the transducer is subjected to the bending-resulted normal

stresses shown in figure A.1.

\ {
- /
TR x@—i
\
—r ® Fi dx?
- Fs/z RO/ _
TXO ! TXO
Y, r
4 11 1
T [ '
-t | —t—~
Figure Al:  Stresses and forces acting on a portion of transducer. (Adapted
from Magnissalis, 1992).
For equilibrium, the residual bending-generated force, F, :
_(dM-x . (F-dy)
Fb-_[ I dd = I -_[x-dA equation Al.l
must be balanced by a shear generated force, Fs; :
Fy=(r4)(2-1)-ay equation Al.2

where 1y, is the shear stress at the lower surface of the considered portion and which is

assumed uniform throughout the whole depth 2.t
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The following substitutions equations according to figure A.1:

dA=2-t-dx and

t= JR()Z —x02 - ,/R,Z —x02 equation Al.3

With these substitutions equations Al.1 and A1.3 can be written as follows:

F, = 2(_F'_Idl). J'x.(\/RO2 -x,° —(\/R,.z - x,° )dx) equation Al4

Fg=2-7, .(\/;302 —x,’ —(\/Ril2 —x,’ de) equation AlS

Since Fb and Fs must be equal the following equations are derived, by evaluating the

integral in two distinct ranges:

where ¢ = \/RO2 ~-x,’ - VR -x,’°

and R, <x, <R, :

3
T, = (35‘1).{(1%2 —x02)5:| equation Al.6

where f=+R,’ - X,
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The shear stress, T for a given position xp can be expressed as follows :

0<x, <R :

T, = 3.1;] : \/R_If()_xz_ .[(R()z _xoz)%:l—l:(R.Z _xoz)gJ
0 4o

2 2 2
where t=+R," =x," - R —x,

F.R .
T = [—“) R, —x,’ equation Al.8

Equation A1.8 is the equation for the shear stress developed, and under the same

conditions, on a solid cylindrical component.
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Coef. | Mean (V/N) r-square (%)
M 0.0348 99.97
M, 0.0004 99.94
M3 0.0006 99.97
M, 0.0006 99.86
M;, 0.0173 99.68
Mp; -0.0006 99.78
Mj, 0.0007 99.95
M;, 0.0004 99.84
Ms; 0.0349 99.74
Table B1.1: B.E.S.T 1 coefficient of r-square values from the fitted lines of B.E.S.T 1
calibration curve.
My, M, M3 0.0348 | 0.0004 | 0.0006
My, M,, Mas = 0.0006 | 0.0173 | -0.0006
M3, M3, M3, 0.0007 | 0.0004 | 0.0349
Table B1.2: Matrix [M] derived for B.E.S.T. 1. All units in (V / N).
My, My, Ml 28.757065 | -0.653213 | -0.505621
ML | My | My = -1.016955 | 57.803600 | 1.011242
M3y T | M -0.565134 | -0.649404 | 28.651846
Table B1.3:  The calibration matrix [M™] derived for B.E.S.T. 1. All units in (N / V).
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Coef. | Mean (V/N) r-square (%)
My, 0.0348 99.92
M 0.0005 99.84
M3 -0.0004 99.95
M;, 0.0007 99.94
M,, 0.0174 99.87
My; 0.0004 99.81
M3, 0.0005 99.89
M3 0.0004 99.82
M3 0.0347 99.94
Table B2.1:  B.E.S.T 3 coefficient of r-square values from the fitted lines of B.E.S.T 3
calibration curve.
M M, Mi; 0.0348 | 0.0005 | -0.0004
M3, M,, M33 = 0.0007 | 0.0174 | 0.0004
M3, M3, Mss 0.0005 | 0.0004 | 0.0347
Table B2.2: Matrix [M] derived for B.E.S.T. 3. All units in (V / N).
M’in M"tn M':13 28.747507 | -0.833917 | 0.340996
M: 2L M:Izz M:rza -1.147290 | 57.519779 | -0.676277
M7y 2 | M -0.401004 | -0.651036 | 28.821326
Table B2.3:  The calibration matrix [M™'] derived for B.E.S.T. 3. All units in (N / V).
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_Coef. | Mean(V/N) | r-square (%)
M 0.0346 99.91
Mi2 0.0005 99.84
Mi3 0.0006 99.86
M2 0.0007 99.95
M2 0.0173 99.85
Ma; -0.0004 99.93
Ms; 0.0004 99.97
M3 0.0007 99.92
M3s3 0.0346 99.94
Table B3.1: B.E.S.T 4 coefficient of r-square values from the fitted lines of B.E.S.T 4
calibration curve.
My, M, M3 0.0346 | 0.0005 | 0.0006
My, M M3 = 0.0007 | 0.0173 | -0.0004
M3, M3, M3s; 0.0004 | 0.0007 | 0.0346
Table B3.2:  Matrix [M] derived for B.E.S.T. 4. All units in (V / N).
M‘:n M'n | My, 28.924136 | -0.815281 | -0.511000
My | Mn | My -1.177521 | 57.809633 | 0.688739
M | Mip | M3 -0.310560 | -1.160134 | 28.893708
Table B3.3:  The calibration matrix [M"] derived for B.E.S.T. 4. All units in (N / V).
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Coef. | Mean (V/N) | r-square (%)
My, 0.0348 99.91
M, -0.0006 99.89
M3 0.0006 99.78
My 0.0007 99.94
My, 0.0174 99.98
M>; 0.0005 99.99
M3, 0.0004 99.84
M3, 0.0006 99.92
M3; 0.0348 99.95
Table B4.1: B.E.S.T 5 coefficient of r-square values from the fitted lines of B.E.S.T 5
calibration curve.
My, Mp, Mi; 0.0348 | -0.0006 | 0.0006
M, M, Ma; = 0.0007 | 0.0174 | 0.0005
M3 M3, M3;3 0.0004 | 0.0006 | 0.0348
Table B4.2:  Matrix [M] derived for B.E.S.T. 5. All units in (V / N).
M':n M':n M:13 28.721215 | 1.007962 | -0.509676
Mo | M | M -1.146533 | 57.459515 | -0.805800
M5 M7 M 33 -0.310361 | -1.002267 | 28.755384
Table B4.3:  The calibration matrix [M'] derived for B.E.S.T. 5. All units in (N/V).
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Coef. | Mean (V/N) | r-square (%)
My, 0.0608 99.94
Mi» 0.0014 99.89
M3 0.0015 99.82
My, 0.0015 99.95
M, 0.0306 99.96
Mj; 0.0010 99.92
M3, 0.0010 99.76
M3, 0.0013 99.86
M3; 0.0609 99.96
Table B5.1:  PT transducer coefficient of r-square values from the fitted lines of
PT transducer calibration curve.
M, M Mi; 0.0608 | 0.0014 | 0.0015
My, Mz, M;s = 0.0015 | 0.0306 | 0.0010
M3, M3, Ms33 0.0010 | 0.0013 | 0.0609
Table B5.2:  Matrix [M] derived for PT transducer. All units in (V / N).
M::u M::u Mjw 16.472022 | -0.736900 | -0.393615
M_Izl M_lzz M-123 -0.799170 | 32.738304 | -0.517891
M5 M5 M™s3 -0.253417 | -0.686747 | 16.437880
Table B5.3:  The calibration matrix [M™] derived for PT transducer.

All units in (N / V).
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Calibration graph for Entran transducer # 3
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Calibration graph for Entran transducer #3 Calibration graph for Entran transducer #10
1.4 4 y=0.275x+0.003 14 { y=0.288x +0.004
g o9 S o9
0 @
-1 =
S o4 S 04
01 " ) i X 0.1 " " N "
[¢] 1 2 3 4 5 ] 0 1 2 3 4 s
Load (N} Load (N)
Calibration graph for Entran transducer #11 Catibration graph for Entran transducer #12
144 y=0.29x + 0.002 1.4 { y=0.285x + 0.001
S 0.9 E 0.9
2 2
S o4 S 04
017 T T i T N 01! v v — v v
0 1 2 3 4 5 6 0 3 2 3 4 5
Load (N) Load (N}
Calibration graph for Entran transducer #13 Calibration graph for Entran transducer #14
1.4 { y=0293x+0.002 14 4 y=0.286x +0.002
g o9 g o9
£ 2
S o4 S o4
-0.1 4 — " ° 01/ — —
0 1 2 3 4 5 6 0 1 2 3 4 5
Load (N Load (N}

Figure B6.3: Calibration graph for Entran transducers # 9 to # 14 under normal load.
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Appendix C

Ci Ethical approval (Southern General Hospital, UK)

1345 Govan Road
So‘.nh G.I“QOW - Glasgow cr.f‘n 4TF N H S
University Hospitals Telephone 0141-201-1100

Fax 0141-201-2999
NHS Trust \:\:w.nhsscnﬂnnd.co.uk
Southern General Hospital Greater
Glasgow
GENERAL SERVICES DEPARTMENT Enquirics to: Mr Frank McGuire

Direct Line 0141 201 1150/1273
Ref: NOVO2LET FMcG LC

28™ November 2002

Mr W D Spernce,
University of Strathclyde,
Bloengineering Unit,
Wolfson Centre,

106 Rottenrow,

Glasgow G4 ONW

Dear Mr Spence,

EVALUATION OF PRESSURE DISTRIBUTION AT THE STUMP-SOCKET INTERFACE OF TRANSTIBIAL

AMPUTEES
PAPER NO. EC/02/S/126

Further to your recent application for approval of the above study, I am pleased to advise that full
ethical approval was granted by the Southern General Hospital Ethics Committee at its meeting held
on Tuesday 26™ November 2002.

The Committee did ask for a better set out Patient Information Sheet. In general the sheet fails
short of the expected standard.

The Patient Information should have paragraphs set out advising for example; what is the purpose of
the study. Why have I been chosen? Do I have to take part? Can I withdraw, what are the risks
etc?.

The Consent Form used should be the Southern General Hospital standard consent form with the
Project Titde dearly identified.

I would be obliged if you would forward me these documents as soon as possible.

Yours sincerely,

Southemn General Hospital » Victoria Infirmary « Mansionhouse Unit » Mearnskirk House

302


http://www.nhsscotiand.co.uk

C2

Ethical approval (University of Strathclyde, UK)

MEMORANDUM
To: Mr W Spence, Bioengineering Upit
copy : Members of Ethics Committee
Ms A Stevenson, Finance Officc

From : Mrs Gwen McArthur, Senior Assistant Registrar (Court) [Secretary to the Group]
Date : 11 November 2002
PROTOCOL APPROVAL
Project No: ECO7 : 02/03
Project Title: Evaluation of pressure distribution at the stump-socket interface of trans-tibial amputees
Investigators: Mr W Spencer, Lecturer,

Mr W Solomonidis, Honorary Senior Lecturer,

Mr N A Abu Osman, Research Student, Bicengineering Unit;

Dr A M Weir, Consultant in Rehabilitation Medicine, Westmarc, Southern General

Hospital.
Location: Bioengineering Unit
Insurance: To be confirmned
Note : Approval from the Ethics Committee at the Southern General Hospital has been sought.

I can confirm that the Ethics Committee has now approved the above protocol.  This is subject to ensuring that
appropriate insurance cover is in place for this project. If you have not already done so, please contact Ms A
Stevenson (extension 2941) in the Finance Office to discuss these arrangements.

T would remind you that if there are any changes made to the protocol the Committee must be informed of thesc
and given the opportunity to consider them.

1 would draw to your attention that the Committee would expect you to report back on the outcome of the project
with an account of anything which may have occurred within the project that may prompt ethical questions for
any similar future project and with anything else you feel the Committee should know.

Should you have any gueries or require further information please to not hesitate to contact me. On behalf of the
Committee I wish you every success with your project. '

’ Mv

b e

GMcA
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